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In modern research, nanochemistry is one of the most studied topics because 
of the benefit of increased efficiency in almost every application. In this field, 
the electrochemical anodization has attracted an growing interest in recent 
years not only due to the broad range of possible applications but also 
because of the easy control and up scalability of the process. While to this 
point, many metals have been successfully anodized the theory behind the 
pore formation is not yet fully understood. Only with this knowledge, 
advancements in film quality are possible, widening the range of 
applications for these tailor made materials. The preparation of self-ordered 
nanoporous metal oxide films from tin and iron by electrochemical 
anodization is in the focus of this work. 
In chapter 2, the synthesis of sponge-like SnOx by anodization has been 
investigated. By a combination of tempering and a single or three-step 
electropolishing method, commercially available tin foil was successfully 
smoothed. Subsequently, different parameters were varied systematically and 
the observed structures were characterized using laser microscopy, scanning 
electron microscopy and X-ray microdiffraction. The application of a 
buffered solution resulted in the successful synthesis of a homogeneous and 
defect-free sponge-like SnOx film. 
With the use of the buffered solution, anodization at low-applied voltages 
became possible, to this point inhibited due to a passivation of the surface by 
the precipitation of tin oxalate. This resulted in the discovery of a lamellar 
Sn/SnO2 core-shell structure. In chapter 3, the growth mechanism of the 
lamellae is described. The structure was investigated by the use of scanning 
electron microscopy, X-ray photoelectron spectroscopy, X-ray 
microdiffraction and Mössbauer spectroscopy. 
A comparison of application properties of the SnOx sponge and the lamellar 
Sn/SnO2 structure is presented in chapter 4. Efficiencies in photocatalysis, 
amphiphilic behavior and antimicrobial properties were explored by the 
degradation of rhodamine B, contact-angle goniometry and the 
photooxidation of E. coli bacteria respectively. 
In chapter 5, application of the SnOx sponge as a battery anode material via a 
carbon coating approach was investigated. After electrodeposition on a 
copper foil and anodization, the film was studied before and after coating via 
scanning electron microscopy, X-ray microdiffraction, energy dispersive X-
ray spectroscopy, X-ray photoelectron spectroscopy and raman spectroscopy. 
Furthermore, the film was characterized electrochemically by applying it as 
an anode in a lithium-ion battery half-cell setup. 
The synthesis of nanoporous iron oxide has been investigated in chapter 6. 
By the use of a custom stirring setup, commercially available iron foils were 
successfully smoothed. Subsequently, the anodization reaction was examined 
by the systematic variation of different parameters and a new theory for the 
growth of the nanoporous iron oxide structure is presented. 
Keywords : tin oxide, iron oxide, anodization, growth mechanism, Li-ion 
battery, self-cleaning surfaces  
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Zusammenfassung 
Nanochemie ist eines der am intensivsten studierten Gebieter in der Chemie. 
In diesem Bereich hat die Anodisierung durch ihre einfach zu 
kontrollierenden Reaktionsbedingungen, die eine genaue Anpassung an die 
Art des Einsatzes ermöglicht, wobei sie gleichzeitig hochskalierbar bleibt, 
ein zunehmendes Interesse in der Forschung erfahren. Obwohl bis zum 
heutigen Tag eine große Anzahl an Metallen erfolgreich anodisiert werden 
konnte ist die Theorie des Poren-Wachstums noch nicht völlig verstanden. 
Nur mit diesem Wissen ist eine Verbesserung der Filmqualität und somit eine 
Erweiterung der Einsatzmöglichkeiten erreichbar. In dieser Arbeit wird die 
Synthese nanoporöser Materialien mittels anodischer Oxidation am Beispiel 
von Zinn und Eisen untersucht. 
In Kapitel 2 wird die Synthese von schwammänlichem SnOx untersucht. 
Durch Tempern und einer verbesserten einfachen beziehungsweise 
dreifachen Politur konnten die Folie von oberflächlichen Unreinheiten und 
Unebenheiten befreit werden. Bei der Anodisierung wurden verschiedene 
Parameter variiert und mittels Lasermikroskopie, Elektronenmikroskopie 
und Röntgendiffraktion charakterisiert. Durch den Einsatz einer neuartigen 
Pufferlösung konnten homogene SnOx Schwämme synthetisiert werden. 
Durch den Einsatz der Pufferlösung war es möglich, Anodisierungen mit 
geringen Spannungen durchzuführen, die bis dahin durch die Abscheidung 
und folgende Passivierung der Oberfläche durch Zinnoxalat nicht zugänglich 
waren. Dies führte zur Entdeckung einer neuartigen Sn/SnO2 Schichtstruktur. 
In Kapitel 3 wird der Bildungsmechanismus der Struktur beschrieben. Die 
Zusammensetzung der Schichten wurde mittels Elektronenmikroskopie, 
Röntgendiffraktion, Röntgenphotoelektronenspektroskopie und Mössbauer 
Spektroskopie untersucht. 
Ein Vergleich der Eigenschaften bei möglichen Anwendungen der SnOx 
Schwämme und der Sn/SnO2 Lamellen ist in Kapitel 4 beschrieben. Die 
Effizienz in der Photocatalyse, Amphibischem Verhalten und 
Antimikrobischem Verhalten wurde mittels Zersetzung von Rhodamin B, 
Kontaktwinkelmessungen und der Photooxidation von E. coli Bakterien 
untersucht. 
In Kapitel 5 wird die Verwendung des schwammänlichen SnOx Films als 
Anodenmaterial mittels Kohlenstoff-Beschichtung untersucht. Nach 
Elektrodeposition von Zinn auf Kupferfolie und Anodisierung wurde der 
Film vor und nach der Beschichtung mittels Elektronenmikroskop, 
Röntgendiffraktometrie, Energiedispersive Röntgenspektroskopie, 
Röntgenphotoelektronenspektroskopie und Raman Spektroskopie untersucht. 
Weiterhin wurde der Film elektrochemisch als Anodenmaterial in einer 
Lithium-Ionen Halbzelle charakterisiert. 
Die Untersuchung der Synthese von nanoporösem Eisenoxid wird in Kapitel 
6 beschrieben. Durch die Verwendung einer Rührelektrode konnte die Folie 
von oberflächlichen Unreinheiten und Unebenheiten befreit werden. Die 
folgende Anodisierung wurde mittels systematischer Variation verschiedener 
Parameter untersucht und eine neue Theorie für das Porenwachstum 
erarbeitet.  
Abstract (in Korean) 
양극산화를 통한 주석과 철 산화
물의 성장 제어와 응용
모리 닐스 
화학부 고분자 전공 
서울대학교 대학원 
나노 화학영역은 높은 효율 덕분에 다양한 분야에서 활발히 연구
중이다. 전기화학적 양극산화는 손쉬운 제어와 스케일 업뿐만 아니
라 넓은 응용분야를 갖고 있기 때문에, 나노 화학 영역에서 가장 
촉망 받는 분야로 그 관심이 커지고 있다. 하지만, 현재까지의 연
구로는 박막의 품질 향상과 응용분야에 따른 물질의 기공크기의
변화와 같은 단순한 제어만 가능한 상태이며, 다양한 금속 물질을 
이용한 기공형성에 대한 연구는 아직 미흡하다. 따라서, 본 연구에
서는 전기화학적 양극산화를 이용한 주석과 철의 자기 정렬 나노
기공 금속박막의 제조를 중점적으로 다루었다.  
2장에서는, 양극산화를 이용한 스폰지 타입의 주석산화물 형성에 
대한 연구를 진행하였다. 전기 연마 방법과 온도를 조합하여 상용
화된 주석 호일을 성공적으로 연마할 수 있었다. 연이여, 다양한 
요소들을 조직적으로 변화시켰으며, 레이저현미경, 주사전자현미경, 
X-선 미세회절 등의 장비를 이용하여 그 구조를 분석하였다. 완충 
용액의 도입을 통하여 균일하고 무결점의 스폰지형의 주석산화막
을 성공적으로 합성할 수 있었다.  
완충용액의 도입을 통하여 주석 산화물의 침전으로 인한 표면부동
화를 방지함으로써   저압에서의 양극산화가 가능했다. 그 결과, 
라멜라 Sn/SnO2 코어셀 구조를 발견할 수 있었다. 3장에서는 라멜
라 구조의 성장 메커니즘을 연구하였다. 각각의 구조는 주사전자현
미경과 X선 광전자 분광법, 뫼스바우어 분광법을 이용하여 분석하
였다.  
스폰지 구조와 라멜라 구조의 주석 산화물의 특성을 비교한 연구
를 4장에 정리하였다 .광촉매, 양쪽성, 항균성 등의 특성을 비교하
기 위해, UV 측정을 통한 Rhodamine B의 흡광도의 저하를 확인하
고 컨택앵글 측정 및 E. coli 균의 광산화를 살펴 보았다.  
5장에서는, 스폰지 구조의 주석 산화막에 탄소를 코팅하여 배터리
의 양극으로 응용하는 실험을 진행했다. 주석을 구리 호일 위에 전
착하고 양극산화를 한 후, 탄소코팅 전후의 조성과 구조를 주사전
자현미경, X-선 미세회절, EDX, X 선 광전자 분광법, 라만 분광법을 
이용하여 비교 분석 하였다. 추가적으로 박막의 전기화학적 성질을 
리튬이온전지의 반쪽셀에 적용하여 분석하였다.  
나노 기공 산화철의 합성은 6장에서 토론하였다. 자가 제작한 교반 
시스템을 이용하여 상용화된 철을 연마하였다. 연속적으로 양극산
화를 하여 다양한 요소들을 확인하고 새로운 성장이론에 대한 연
구를 진행하였다.  
주요어:  주석 산화물,  산화철, 양극산화, 성장 메커니즘, 리튬 이온 
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increasing! in!performance,!microD! and!nanostructured!materials! are! in! the! focus!of!




materials! often! exhibit! altered! electronic! properties! compared! to! the! bulk!material!
due!to!quantum!size!effects!or!surface!curvature.!This!can!be!exploited!particularly!in!
transition!metal! oxides,!which! offer! a!wide! range! of! applications;! not! only! in! solar!
cells!and!batteries!but!as!well!in!electrochromic!devices!and!gas!sensors.!The!classical!
approaches! for! the! synthesis! of! nanostructured! materials! are! solDgel! method! or!
hydrothermal! treatment.! Morphologies! produced! by! those! techniques! are! mostly!
nanopowders,! nanowires! or!nanotubes.! Even! though!nanowires! or! tubes!may!offer!








corrosion! resistance! purposes! is! the! electrochemical! anodization.[1]! A! metal! is!
Introduction!
8!! ! !
connected! to! an! anodic! bias! while! being! in! contact! with! a! specific! electrolyte.! By!
careful!choice!of!the!applied!bias!and!nature!and!concentration!of!the!electrolyte,!it!is!
possible!not!only!to!oxidize!the!metal!surface!but!also!to!etch!a!regular!alignment!of!
pores! into! the!oxide!material! to! form! structures!of! vertically! aligned!nanopores.[2]!
Until! today,! a!wide! range! of!metals! have! been! found! to! be! able! of! forming! porous!
oxide!structures!via!electrochemical!anodization,!e.g.!Al,[1][3]!Ti,[4]!Nb,[5]!Ta,[6][7]!
W,[8]!Zr,[9]!Ni,[10]!Sn[11]!and!Fe.[12]!Despite!the!wealth!of!possible!applications!as!













a! long!time,! there! is!still!no!universal! theory!on!the!pore!formation!and!the!topic! is!
still!discussed!controversially! in! literature.[20]!The!main!reason!for!this! is! the!used!
procedure.!Since! the!anodization!reaction! takes!place!with! the!sample! immersed! in!
an! electrolyte! and! at! applied! biases! of! up! to! hundred! volts,[21][22]! inDsitu!
measurements! are! impossible! to! achieve,! so! all! the! theory! is! based! on! snapshots!
taken!after!different!anodization!times.! In!the! following!chapter,!an!overview!of! the!




If! a! sufficient! anodic! bias! is! applied! to! a!metal,! which! is! in! contact! to! an! aqueous!
electrolyte,! the! metal! oxidizes! (1).! At! the! cathode,! hydrogen! evolution! occurs! (5).!
Depending!on!the!type!of!electrolyte!and!applied!bias,!three!cases!are!possible:!
(I)! If! the! electrolyte! is! aggressive! enough! to! solvatize! all! forming! metal! ions,! the!






react!with! the! oxygen! provided! by! the!water! to! form! a! compact! oxide! passivation!
layer!(2D3).!!
(III)!Under! specific! conditions! in! between! the! previously!mentioned,! a! competition!
between! oxide! formation! and! dissolution! is! possible.! In! this! case,! a! porous! oxidic!
structure!is!formed.!
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In! the! valve! metal! theory,! metals! belonging! to! the! group! of! the! so! called! "valve!
metals"!are!claimed!to!be!the!prerequisite!to!form!a!porous!oxide!structure.[23]!The!
term!"valve!metal"!originates!from!their!use!in!the!production!of!vacuum!valves.[24]!
These!metals! showed!an! increase! in!electron!emission! if! covered!by!a! thin! layer!of!
oxide.!This!soDcalled!"valve!effect"!was!later!claimed!to!be!the!reason!for!a!oneDway!
electrical! conductivity! during! the! electrochemical! anodization! reaction! allowing! for!




typical!members"! and! "other! elements"[26]!with! aluminum!being! in! the! first!while!
titanium! and! tin! being! in! the! second! group.!Here,! iron!was! not! considered! to! be! a!





that! the! valve! metal! theory! is! mostly! a! phenomenological! attempt! to! categorize!








The! most! common! theory! used! to! describe! pore! formation! is! the! mechanism!






(II)! Because! of! local! inhomogeneities! in! the! film! thickness,! local! fields! occur! at! the!
bottom!of!the!pits!of!the!passivation!layer.!Here!dissolution!of!the!oxide!is!promoted,!
creating!fineDfeatured!pathways!into!the!oxide.!
(III)! The! individual! pathways! further! propagate! through! the! oxide,! while! slowly!
transforming! into! cavities.! Due! to! the! localized! etching,! the! net! thickness! of! the!
passivation!layer!decreases,!resulting!in!an!increase!in!current.!Over!time,!the!pores!
reach! their!maximum!diameter! as! they! compete!with! adjacent! pores! resulting! in! a!
selfDordering.!
(IV)!As! the! reaction! continues,! etching! of! the! oxide! at! the! bottom!of! the!pores! and!
oxidation!of!the!metal!on!the!metalDoxide!interface!reaches!equilibrium!as!the!current!
increase!stops!and!the!curve!flattens.[29]!With!further!pore!growth!and!thus!slowly!














the! formation! of! the! oxide.!Attempts! in! explanations!were!made!by!Mott!et*al.,[29]!




et* al.[30]! who! examined! the! formation! of! titanium! oxide! nanotubes! in! a! fluoride!







On! the! basis! of! the! electrical! fieldDassisted! oxide! dissolution,! Wang! et* al.! recently!
published!an!attempt!for!an!unified!theory.[20]!The!starting!point!of!this!theory!is!the!
thermodynamic! analysis! of! the! anodic! formation! of! the! metal! oxide! and! its!




∆012 = "−'56! (6)!
!
Here,!z! is! the!electron! transfer!number,!F! the!Faraday!constant!and!E! the!electrode!














an! increase! of! the! Gibbs! free! energy! for! the! oxidation! (ΔGox! >! ΔGdiss).! Only! the!
oxidation!reaction!occurs.!This!is!the!soDcalled!"anodic!protection"!of!the!oxide!since!
the! dissolution! reaction! does! not! take! place.! As! the! passivation! layer! grows,!
resistivity!increases.!This!leads!to!a!drop!in!the!effective!voltage!on!the!surface!of!the!
sample.!At!one!point!equilibrium!is!reached!and!the!effective!voltage! is!so! low,! that!
ΔGox!=!ΔGdiss.!At! this!point! the!oxide! is!protected!the! least!by! the!anodic!bias!and! is!
dissolved! by! the! electrolyte.! Cavities! are! formed! in! the! oxide! at! random! spots,!
resulting!in!a!decrease!in!resistivity.!At!these!spots,!the!oxidation!reaction!increases!












the!pores,!current!density! there! is!also!higher!when!compared!to! the!one!along!the!









This! theory! offers! a! slightly! different! take! on! the! pore! formation.! Instead! of! only!
arguing!the!concentration!of!the!electric!field,!the!approach!via!the!Gibbs!free!energy!
allows! for! an! explanation! of! oxide! dissolution! and! formation! by! the! same! applied!
field.!The!only!problem!with! this!approach! is! the! transition! from! the!bulged!metalD
oxide!interface!to!the!pore!formation.!At!the!point!where!the!bulged!metal!is!formed,!
oxide! thickness! should! be! homogeneous! over! the!whole! sample,!which! also!means!
the!anodic!protection!is!the!same.!Here,!the!theory!fails!to!give!an!explanation,!while!
this!stage!is!covered!in!the!fieldDassisted!oxide!dissolution!theory.!!











and! c!=!318.7!nm.! ! In! the! unit! cell,! Sn4+! is! coordinated! by! six! O2DDanions,! forming!
slightly!distorted!octahedra,!whereas!the!oxygen!atoms!are!coordinated!by!three!tin!
ions,! forming! a! triangle.! Due! to! its! optical! transparency! and! intricate! electronic!
properties,!tin!dioxide!has!found!use!in!several!applications!as!electrode!material!in!
dyeDsensitized! solar! cells! (DSSC),[15][31]! light! emitting! diodes! and! flat! panel!
displays,[32]!as! cathode! in! lithiumDion!batteries,[33][34]!as!a! solid! state!gasDsensor!
for! NO2[35]! and! H2S,[13]! in! architectural! windows[36]! allowing! for! light! to! pass!
through! while! keeping! the! heat! out,! and! as! a! selfDcleaning! antimicrobial! glass!
coatings.[37]!!
Tin! dioxide! films! are! produced! by! hydrothermal! processes,[38]! via! magnetron!
sputtering,[39]! or! atomic! deposition.[40]! While! the! anodization! of! aluminum! and!
titanium!had!been!performed!and!investigated!for!a!long!time,!it!was!not!until!2004!
that! Shin! et* al.* first! reported! the! synthesis! of! selfDordered! porous! tin! oxide! via!
anodization! in!an!aqueous!oxalic!acid!electrolyte.[11]!The!porous! film!was! found!to!
consist!mainly!of!tin!oxide!but!could!easily!be!transformed!to!cassiterite!by!annealing.!!
Compared!to!the!regular!pores!produced!by!the!anodization!of!aluminum,!anodized!
tin! shows! a! spongeDlike! architecture.! The! reason! for! this! was! found! to! be! the!
production!of!oxygen!gas,!which!always!occurs!as!a!side!reaction!on!the!anodization!
of!tin.[41]!Since!the!anodic!potential!of!the!oxygen!evolution!reaction!is!higher!than!
the! one! for! the! formation! of! tin! dioxide,! both! reactions! occur.! While! formation! of!







which! crystallizes! in! the! rhombohedral! space! group! R3c*with! the! cell! parameters!
being! a!=!b!=!503.5!nm! and! c!=!1374.9!nm.[43]! The! oxide! anions! are! cubic! closely!
packed!whereas!the!Fe3+Dions!are!found!in!the!octahedral!positions.!In!contrast!to!the!
more! abundant! magnetite! (αDFe3O4),! hematite! (αDFe2O3)! has! been! in! the! focus! of!
research!due! to! its! favorable!bandDgap!energy!allowing! for! the!use!as!an!anode! for!
photoelectrochemical!water!splitting.!However,! the!very!short!excited!state! lifetime!
(~1!ps)[44]! and! the! small! hole! diffusion! length! (~2! D! 4!nm)[45]! severely! limit! the!
efficiency!in!charge!separation!and!collection.!
Several! methods! have! been! investigated! to! overcome! these! limitations! by!
nanostructuring!to!increase!the!efficiency!of!electron!hole!separation.!Zhong!et*al.*for!
example! synthesized! 3D! flowerDlike! nanostructures! by! a! solvothermal! ethylene!
glycolDmediated!selfDassembly!process[46]!while!Vayssieres!et*al.!were!able!to!grow!
nanorods! ! arrays!with! a! diameter! of! 7D24! nm! by! a! simple! solDgel!method.[47]! Via!
metal! organic! vapor! deposition! (MOCVD)! Wu! et* al.* reported! on! the! synthesis! of!
vertically! aligned! nanorods! on! a! silicon! substrate.[48]! Anodization! techniques! first!











As!explained!up! to! this!point,! the!anodization!of!metals! is!not!yet! fully!understood.!





with! the! use! of! XDray! diffraction,! scanning! electron! microscopy! and! XDray!
photoelectron!spectroscopy.!The!main!aim!is!a!further!understanding!and!control!of!























































































































































































grain!boundaries! could!be! eliminated.!Application!of! a! buffered! electrolyte! allowed!
the! synthesis! of! homogeneous! spongeDlike! tin! oxide! films.! Investigation! of! the!
backside!of!the!film!showed!closed!pores!while!on!the!bulk!material!no!imprints!were!








tin! foil!with! a! thickness!of!0.25!mm!and!a!purity!of!99.998!%!was!purchased! from!
ABCR.!The!foil!was!cut!into!round!plates!with!a!diameter!of!15!mm!with!a!hole!punch.!
Polishing! solution! consisted! of! nDbutanol! (99%,! Acros! Organics),! methanol! (p.A.,!
SigmaDAldrich),!perchloric!acid!(SigmaDAldrich)!and!MilliQDwater!(18.3!ΩM/cm).[12]!
As! part! of! the! electrolyte,! oxalic! acid! (p.A.,! Merck),! diDpotassium! oxalate! (≥! 99!%,!
Acros)!and!ethylene!glycole!(99!%,!ChemPur)!were!used.!
2.2.2! Tempering!
Prior!to!electropolishing!and!anodization,! the! foil!was!tempered!in!a!muffle! furnace!
(Nabertherm!S27)!with!a!heating!rate!of!5!°C/min!and!a!dwell!time!of!either!80!h!at!




the! reactions,! a! custom!made! setup! was! used! (Figure! 2.1).! It! consists! of! a! copper!
block,!a!PTFEDcylinder!and!a!metal!ring.!The!copper!block!with!a!diameter!of!10!cm,!
equipped!with!six!screws!fixed!in!a!circular!way,!was!later!connected!to!the!external!
























sample! surface.! NonDtempered! samples!were! polished! for! 20! seconds! at!maximum!
rotation! velocity! of! the! drilling! machine.! Tempered! samples! were! polished! for! 20!




oxalic! acid! and! diDpotassium! oxalate! dissolved! in! different! concentrations! of!water!
and! ethylene! glycol! were! investigated.! Anodic! bias! for! electropolishing! and!




















Laser! microscopy! images! were! recorded! using! a! confocal! Keyence! VKD8710! laser!
microscope.! As! guiding! value! for! surface! roughness,! the! RqDvalue! was! used.! It! is!
calculated!as!followed:!
78 "= " (
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XPS! spectra! were! measured! on! a! PHI! 5600! MultiDTechnique! XPS! (Physical!






























Figure! 2.2! Digital! images! of! untreated! and! tempered! foil.! Left:! SilverDcolored,! nonD

















































Following! the! promising! results! of! the! lowDtemperature! tempering,! an! increase! in!
temperature!was!examined.!The! foil!was! tempered!with!a!heating! rate!of!5! °C/min!
and!a!dwell!time!of!1h!at!400!°C.!On!the!one!hand,!heat!treatment!resulted!in!a!thick!
passivation! layer! of! tin! dioxide! demanding! an! adjustment! of! the! electropolishing!
procedure! (see!Chapter!2.3.2).!On! the!other!hand,!heating! the! foil! over! the!melting!
point! and! slowly! cooling! down! the! samples! to! room! temperature! lead! to! a!
recrystallization! of! the! structure.! The! result! was! a! high! degree! of! orientation!
alignment! over! the! whole! sample,! which! was! proven! by! XRD! analysis! of! a! highD
temperature!tempered!and!subsequently!polished!foil!(see!Chapter!3.3.2).!Tempering!






The! asDpurchased! tin! foil,! even! though! they! are! of! high! purity,! exhibit! a! noticeable!
and,! depending! on! the! supplier! or! batch,! varying! degree! of! roughness,! caused! by!
rolling!of! the! foil.! Laser!microscopy! images! show!deep! trenches! resulting! in!height!
differences! of! up! to! 4! micrometer! and! an! RqDvalue! of! 0.20! μm! (see! Figure! 2.4).!









a!rough!surface!(compare!Chapter!5.3.1).!To! inhibit! this!prestructuring,! the!foil!was!
electropolished! prior! to! anodization,! using! the! same! PTFEDSetup.! As! polishing!
solution,! a! standard!mixture! consisting! of! perchloric! acid,!methanol,! nDbutanol! and!










was! applied! for! several! seconds.! Then! the! polishing! solution! was! removed.! The!
sample,! still!within! the! setup,!was! cleaned!with!MilliQ!water! and!dried!with! tissue!
paper.!Afterwards,! the!solution!was! filled!back! into! the!beaker!and! the!next!step!of!
electropolishing!began.!Those!steps!were!repeated!5!to!7!times!until!an!(subjective)!
evenly! polished! surface! was! reached.! A! digital! image! of! the! foil! before! and! after!
electropolishing! is! shown! in! Figure! 2.5.! It! is! clearly! visible! that! the! polished! foil!









Figure! 2.6!MultiDstep! polished! tin! foil! after! five! repetitions.! Left:! Light!microscopy!
image! of! polished! surface! with! minimal! defects! (black! spots).! Right:! 3D!
topographic!image!extended!10Dfold!in!zDaxis!and!calculated!RqDvalue!
!
Admittedly,! the! procedure! leads! to! polished! sample! surfaces,! but! repetition! of! the!
polishing! steps! for! several! times! was! timeDconsuming! and! not! easy! to! reproduce!
since!every!electropolishing!step!had!to!be!stopped,!when!the!sample!showed!an!even!
brown! film!of! tin(II)!oxide!over! the!whole!visible!surface.!Since! the!samples!do!not!
react!homogeneously!over!the!whole!surface,!the!occurrence!of!the!brown!film!starts!
at!the!highest!and/or!roughest!point!of!the!sample!as!it!has!the!highest!surface!area.!
From!there,! the!size!of! the!brown!spot! increases!until! the!whole!sample! is!covered.!
Reaching!this!point! took! from!20!to!25!seconds! in!the! first,!down!to!7D8!seconds! in!
the! last! repetition.! If! the! optimal! time! for! one! of! the! electropolishing! steps! was!

































reaction! as! the! inDsitu! formed! tin(II)! oxide!was! oxidized! to! the! stable! tin(IV)! oxide!
indicated!by!a!change!in!color!of!the!film!formed!on!the!surface!from!dark!brown!to!
white.!Removing!the!polishing!solution!and!cleaning!the!sample!with!water!removed!








in! close! proximity! to! the! sample! surface.! The! stirringDeffect!was! supported! by! two!
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cutouts! in! the! electrode,! increasing! the! turbulences! produced! by! rotation! of! the!
cathode.! Both! effects! combined! successfully! removed! tin(II)! oxide! away! from! the!
surface! directly! after! formation,! so! the! cleaning! step! in! between! two! polishing!
repetitions!could!be!omitted.!Optimization!yielded!into!a!singleDstep!polishing!for!20!
seconds! at! maximum! rotation! velocity! for! nonDtempered! samples.! Digital! images!
already!show!the!surface!to!be!smoother!than!after!a!multiDstep!polishing!procedure!







Figure! 2.10! Stirred!polished!nonDtempered! tin! foil.! Left:! Light!microscopy! image! of!







the! sample! is! electropolished! without! stirring,! for! a! homogeneous! removal! of! the!
thick!passivation! layer.!Then! the! sample! is! polished! for!15! seconds!with!maximum!
rotation! velocity! and! finally! for! 7! seconds!without! rotation.! The!procedure! created!
















Analysis! of! the! polished! foil! in! SEM! shows! no! contrast,! i.e.*the! sample! exhibits! no!
visible! height! difference! (Figure! 2.13).! Cross! section! analysis! of! the! polished! foil!
embedded! in!PMMA!also! showed!no!height!differences!on! the! sample! confirming!a!
successful! polish! (Figure! 2.14).! XDray! microdiffraction! was! used! to! investigate! the!









































Since! the! first! publication!by! Shin!et*al.,[17]! oxalic! acid! has! proven! to! be! the! quasi!






















spallation! of! the! oxide! film! due! to! stress! generated! by! oxygen! evolution! and!




















































spallation!of! the!porous! layer!on! large!domains!of! the! sample!occurs! (Figure!2.19).!
Due! to! increased! stress! on! the! film! because! of! a! massive! increase! in! oxygen! gas!





























H2O! 0.25! 0.25! 10!
H2O! 4*10D3! 0.25! 10!
H2O!/!EG! 4*10D3! 0.25! 10!
H2O!/!EG! 4*10D3! 0.25! 60!
!
At!a!concentration!of!0.25!mol/l!oxalic!acid!and!diDpotassium!oxalate,!pore!walls!are!
frayed! and! porous! as! the! acid! dissolves! the! oxide! material! (Figure! 2.21).! Pore!
openings! are! uneven! in! size! with! a! mean! diameter! of! 46.9! μm! and! a! standard!











surface!with! less! frayed!walls! is!produced!(Figure!2.22).!Pore!diameter! increases!to!
60.8!±!19.1!μm!(see!Figure!7.1b!Appendix).!With!a!higher!concentration!of!oxalic!acid!
and! thus! an! increased! dissolution! of! the! oxide,! interpore! boundaries! are! attacked!
resulting! in! the! formation! of! new! pores.! By! decreasing! the! concentration! of! the!
etchant,!pore!wall!etching!is!diminished,!resulting!in!an!effective!increase!in!pore!size.!
Wall! thickness! remained! constant! at! 16.1! ±! 3.8! μm! (see! Figure! 7.2b! Appendix).!
Additionally,! no! precipitate! of! tin! oxalate! was! found! on! the! sample! as! the! buffer!




Figure! 2.22! SEM! image! of! anodized! foil! in! buffer! solution! consisting! of! 0.05! wt%!
oxalic!acid!and!4.0!wt%!diDpotassium!oxalate!
!
In! order! to! decrease! the! size! of! oxygen! bubbles! generated! as! a! byproduct! of! the!
anodization! and! to! reduce! the! growth! speed! of! the! porous! film,! due! to! a! slower!
diffusion!in!a!more!viscous!solvent,!ethylene!glycol!was!added!to!the!buffer!solution.!












Because! of! the! higher! viscosity! and! thus! a! slower! reaction! rate,! thickness! of! pore!
walls! is! increased! to! 17.2! ±! 3.5! μm! (see! Figure! 7.1c! Appendix).! Pore! size! also!
decreases! again! to! 49.8! μm! while! homogeneity! increases! as! visible! by! the! slight!
decrease! in!SD!of!14.7!μm!(see!Figure!7.2c!Appendix).!The!structure!becomes!more!
durable!and!is!able!to!withstand!the!stress!of!volume!expansion!as!the!film!grows.!XD
ray!diffraction!of! the!porous! film!revealed!the! film!to!consist!mainly!of! tin(II)!oxide!





Figure! 2.24! XDray! diffraction! of! tin! foil! after! anodization! in! buffered! electrolyte.!
Reference!reflection!of!tin(II)!oxide!(green)!
!
!Figure! 2.25! shows! images! of! the! backside! of! the! anodized! sponge! and! of! the!
underlying!tin!surface.!Backsides!of!the!pores!are!mostly!closed!as!expected!from!an!
anodized! structure! (see!Chapter!1.2).! Surface! of! the!underlying! tin!bulk!does! show!
some!kind! of! imprints! but! in! contrast! to! the! regular! nature! found!on! the! anodized!









In! cross! section! view,! a! constant! film! thickness! over! the! whole! sample! can! be!
observed,! only! decreasing! close! to! the! edges! of! the! anodized! surface.! In! the! first!
micrometers,! beginning! from! the! border! of! the! anodized! area,! film! thickness!
increases! linearly!until! after!135!μm,!a! constant! thickness! is! reached! (Figure!2.26).!
The!thickness!remains!constant!over!the!whole!sample!diameter.!This!translates!into!




Figure!2.26!Top:!Cross! section!SEM!of!anodized! foil! embedded! in!PMMA!at! the! rim!







HighDresolution! cross! section! SEM! revealed! a! regular! structure! of! ordered! pores!
arranged!in!a!lamellar!manner!with!a!length!of!~250!nm!(Figure!2.28).!Pore!diameter!
remains! constant! over! the! whole! sample! cross! section.! As! mentioned! before,! the!































samples!was! established! yielding! comparably! smooth! sample! surfaces.! The! second!
achievement! was! the! vast! improvement! of! film! quality! of! the! anodized! tin! oxide!
sponge.! In! the! unbuffered! aqueous! oxalic! acid! electrolyte,! anodization! has! lead! to!
large!trenches!at!grain!boundaries!and!precipitation!of!tin!oxalate!as!shown!by!XDray!
powder! diffraction.! While! longer! reaction! times! lead! to! an! uneven! surface! due! to!
spallation! of! the! sponge,! modulation! in! anodic! bias! either! lead! to! chipping! of! the!
whole! porous! film! or! increased! precipitation! of! tin! oxalate.! By! the! use! of! a! new,!
buffered!electrolyte!solution!containing!diDpotassium!oxalate,!not!only!precipitation!
of! tin! oxalate!was! inhibited,! but! also! the! evenness! and! homogeneity! of! the! porous!









































































focus! of! interest! because! of! their! scientifically! intriguing! properties! and! potential!
applications!in!many!areas!of!technology.!Many!features!of!materials,!in!particular!of!
transition!metal!oxides,!become!only!of!practical!value!when!the!material!is!microD!or!
nanostructured! and! therefore! has! a! high! surface! area! (e.g.! for! photoinduced!water!
splitting,[1][2]! as! photocatalysts! for! organic! degradation,[3][4]! selfDcleaning!
substrates[5][6]!and!solar! cell! electrodes.[7][8])!or! short! solid! state!diffusion!paths!
(e.g.!for!electrochromic!devices[9]!or!batteries[10]).!Many!research!efforts!have!been!
devoted! to! the! design! and! control! of! microD! and! nanostructures! with! innovative!
synthetic!strategies.!!
A! great! variety! of! nanostructures! have! been! generated! by! electrochemical!
anodization! of! metals.! Al[11][12]!and! Ti[13][14])! are! the!most! extensively! studied!





making! it! an! important! component! for! optoelectronic! applications[15]! and! as!




function! as! a! high! capacity! anode! material! for! lithiumDion! batteries.[21]!For! many!
applications!(e.g.! for!dye!sensitized!solar!cells[22]–[24])!SnO2!is! fabricated!as!a!thin!
film,! which! can! be! accomplished! by! DC!magnetron! sputtering,[25]! chemical! vapor!
deposition,[26]!spray!pyrolysis[27]!or!atomic!layer!deposition!(ALD).[28]!!
In! spite! of! the! wealth! of! applications! for! SnO2! there! are! very! few! reports! on! the!





formation! of! porous! tin! oxide! structures! in!NaOH! containing! electrolytes! and! their!
application! in! the! photocatalytic! degradation! of! methylene! blue.[31]! Schmuki! and!
coworkers[32]!recently!introduced!an!anodization!approach!in!an!acetonitrileDwater!
mixtureDbased!electrolyte!containing!Na2S!and!NH4F!to!obtain!functional,!highDaspect!
ratio,! ordered! tin! oxide! films! with! regular! nanochannel! structures! and! topDopen!
pores.!!
In! this! chapter! it! is! shown! that! the! anodization! of! tin! at! lower! applied! voltages! in!
buffered!solutions! leads! to! the! formation!of!an!unusual!Sn/SnO2! lamellar!core!shell!








tin! foil!with! a! thickness!of!0.25!mm!and!a!purity!of!99.998!%!was!purchased! from!
ABCR.!The!foil!was!cut!into!round!plates!with!a!diameter!of!15!mm!with!a!hole!punch.!
Polishing! solution! consisted! of! nDbutanol! (99%,! Acros! Organics),! methanol! (p.A.,!
SigmaDAldrich),!perchloric!acid!(SigmaDAldrich)!and!MilliQDwater!(18.3!ΩM/cm).[33]!







methanol! (≥! 99.8!%,! SigmaDAldrich),! 200!mL! of! 1Dbutanol! (99!%! extra! pure,! Acros!
Organics),!29.16!mL!of!perchloric!acid!(70%!solution! in!water,!Acros!Organics)!and!
4.71!mL!of!MilliQDWater!were!used.!A!constant!anodic!bias!of!40!V!was!applied!via!a!




























(CaSnO3)! source.!The!RECOIL!1.03!Mössbauer!analysis! software!was!used! to! fit! the!
experimental!spectrum.!!
XUray!photoelectron!spectroscopy!(XPS)!!
XPS! spectra! were! measured! on! a! PHI! 5600! MultiDTechnique! XPS! (Physical!
















the! formation!of!a!new! lamellar! structure!as! shown! in! the! inset! in!Figure!3.1a.!The!





the! reflectivity! of! the! sample! is! high,! and! it! appears! bright! silver.! The! reflectivity!
decreases!when!the!foil! is!tilted.!When!the!incident!light!is!parallel!to!the!surface!of!
the!lamellae,!it!is!reflected!into!the!interior!of!the!structure!or!scattered!way!from!it,!
i.e.! the! reflectivity! is! low!and! the! sample! appears!dark.!A! similar! effect! is! observed!





















































Figure! 3.2! Mössbauer! spectrum! of! the! anodized! surface.! Measurement! and! data!
treatment!were!performed!by!Vadim!Ksenofontov!
!
XPS!was!used! to! corroborate! the!Mössbauer! spectroscopy! results.! The! spectrum!of!
the! anodized! surface! shows! two! peaks! of! high! intensity! corresponding! to! 3d3! and!
3d5! signals! of! Sn4+! (Figure! 3.3a).! Both! peaks! exhibit! shoulders! at! lower! binding!
energies! corresponding! to! the! underlying! tin! bulk.! Peak! fitting! resulted! in! a!
contribution!of!93.91!%!for!Sn4+!(see!Table!7.1!Appendix).!
The!oxygen!1s!signal!shows!no!shoulder!and!high!intensity!(Figure 3.3b)!which!points!








with! regions! below! the! edges! of! the! plates.! Due! to! the! angle! of! the! ion! gun! with!
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different! orientations! of! the! lamellae! with! respect! to! the! surface.! XDray! microD
diffraction! (microDXRD)! measured! in! four! different! areas! exhibit! the! reflections!
exclusively!attributed!to!βDSn.!Yet,!the!XDray!intensities!are!strongly!biased!by!texture!
effects,!i.e.!the!orientation!of!the!underlying!Sn!core!of!the!lamellae!(Figure!3.4,!left).!






low! temperature! annealing! followed! by! anodization! for! 24! hours! at! 2! V.! The!
PDF! reference! 00D004D0673! for! βDSn! is! given! in! the! top! trace.! Right:! Digital!




After! tempering! at! 400°C! and! electropolishing,! tin! foils! are! still! polycrystalline! but!
with!a!high!degree!of!orientation!alignment!over!the!whole!sample.!XDray!diffraction!
pattern! exhibits! no! DebyeDScherrer! rings! but! isolated,! partly! split! reflections!
resembling!the!pattern!of!a!mosaic!crystal.!When!the!surface!normal!of!a!polished!foil!
was! in! the! diffraction! plane,! exclusively! (101),! (211)! and! (312)! reflections! were!





























The! lattice! parameters! of! βDSn! are! a! =! b! =! 0.583! nm! and! c! =! 0.318! nm.[36]! The!











It!was!possible! to! visualize! the! correlation!between!orientation!of! crystal! structure!







Figure! 3.7! Cross! section! SEM! images! of! anodized! samples! after! application! of!











Figure! 3.8! Current! curve! of! anodization.! Blue! lines! indicating! three! stages! of! the!










the! polished! surface! exhibits! no! contrast! i.e.*no! height! differences! (Figure 3.11a).!









are! formed! (II).! The! slope! of! the! current! curve! decreases! as! tin! on! the! surface! is!
dissolved,!beginning!at!the!grain!boundaries.!After!30!seconds,!cavities,!all!elongated!
along!the!same!axis,!indicated!by!the!arrow!in!Figure!3.11c,!occur.!Cross!section!view!
reveals! the! cavities! to! be! less! than! 1! micrometer! deep,! only! visible! as! an! uneven!
surface!(Figure!3.11d).!Below,!tin!is!dissolved!and!after!30!minutes,!arrays!of!a!bladeD
like!structure!with!tapered!tips!and!a!mean!length!of!6.3!μm!become!visible!(Figure!
3.11f).!At!some!regions,! the!surface! layer! is!already!dissolved,!exposing!some!of!the!
structure! below! (Figure! 3.11e).! As! the! reaction! continues,! the! vDshaped! trenches!
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(lines! in! Figure! 3.11h)! between! the! blades! propagate! into! the! bulk! while! large,!
unetched!domains!remain!(arrows!in!Figure!3.11h).!After!4!hours,!the!mean!length!of!
the! blades! reaches! 12! μm.!Mean! thickness! of! the! blades! is! 2.6! μm!with! a! standard!
deviation!(SD)!of!1.6!μm!(see!Figure!7.10a!Appendix).!The!surface!layer!is!completely!




more! significant! effect! is,! however,! the! formation! of! new! channels! in! the! large!
domains! of! the! previously! unaffected! substrate.! These! new! trenches! lead! to! the!
formation!of!an!evenly!distribution!of!the!blades!thus!leading!to!the!homogeneously!
etched!surface!(arrows!Figure!3.11j).!Mean!thickness!of! the!blades!decreases! to!1.5!
μm! while! the! SD! also! decreases! to! 0.8! μm! reflecting! the! narrowed! distribution! in!
breadth!(see!Figure!7.10b!Appendix).!At! the!same!time!widening!of! the! trench! tails!
and! smoothing! of! the! blade! surfaces! with! only! minor! increase! in! length! can! be!
observed! (Figure!3.11l).!Thus,! the!diameter!of! the! trenches!becomes!more!uniform!
over!the!entire!length.!Both!effects!combined!lead!to!the!transformation!of!the!bladeD
like!structure!into!the!final!lamellae!structure!with!homogeneous!thickness!as!shown!
in!higher!magnification! in!Figure!3.11m.!After!24!hours,! the! lamellae! show!a!mean!
thickness! of! 1.6! μm! and! a! SD! of! 0.7! μm! (see! Figure! 7.10c! Appendix)!with! a!mean!
length!of!31.2!μm.!!
Longer!reaction!times!lead!to!a!gradual!destruction!of!the!regular!lamellar!structure.!





















The! difference! in! orientation! of! the! crystal! structure,! thus! the! orientation! of! the!
forming!lamellae,!leads!to!significant!differences!in!the!current!curves.!This!could!be!
used! to! predict! the! orientation! of! the! lamellae!with! respect! to! the! surface.! Current!









The! current! minimum! is! caused! by! a! passivation! of! the! tin! surface.! In! the!
subsequent!step!the!oxide!surface!layer!is!etched.!Up!to!four!hours,!there!seems!to!be!
an! equilibrium! between! current! required! for! the! oxidation! of! tin! and! increase! in!
conductivity!due!to!increased!surface!thus!the!current!is!constant.!After!4h,!length!of!
the! lamellae!only! slowly! increases,!minimizing! the!material! transport!necessary! for!
the! reaction.! At! this! stage,! splitting! of! thick! blades! and! the! subsequent! increase! in!
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of!surface!area!and!consequently!to!a!decrease!in!the!current. In order to further 
understand the growth mechanism, the anodic bias was modulated. When the sample was 
left in the buffer solution without applying an anodic bias, the surface suffered from acid 
corrosion and shallow trenches were etched into the sample along the direction of the 
lamellae (Figure 3.13a). An anodic bias started the anodization. At a bias voltage of up to 
1.0 V the anisotropic conductivity is not sufficient to induce the formation of lamellae. 
Rather, a rough surface consisting of micrometer-sized anisotropic Sn particles is formed 
(Figure 3.13b), the long axis being directed within the a,b plane of the crystal structure. At 
1.2 V, the difference in the oxidation velocity due to the anisotropic conductivity is large 
enough to allow the formation of lamellae (Figure 3.13c). However, etching at 
intermediate voltages induced a sizeable surface roughness and the surface exhibits a large 
defect density (Figure 3.13d). With increasing anodic bias the rate of the directed etching 
increased. Figure 3.13e-f shows that at 1.8 V distinct SnO2 lamellae with rough edges were 
formed. In the optimum bias voltage range of 2.0 – 2.2 V, an ordered array of lamellae 
structure without apparent defects was formed (Figure 3.13g). Further increase in the bias 
voltage leads to the precipitation of tin oxalate by reaction of the stannate intermediate that 










samples!using!different! concentrations! of! oxalic! acid.!A! concentration!of! 0.05!wt%,!
anodization! leads! to! the! already! mentioned! homogeneous! lamellar! structure.!


















In! summary,! it! was! demonstrated! that! a! macroscopically! homogeneous,!
nanostructured! SnO2! structure! with! a! surface! roughness! depending! on! the! bias!
voltage!can!be!fabricated!by!anodization!of!tin!in!a!buffer!solution!of!oxalic!acid!and!
diDpotassium! oxalate.! The! anodization! layer! has! a! thickness! of! approx.! 90! nm! and!
consists! of! SnO2! microplates! arranged! in! a! lamellar! manner! with! an! Sn! core! as!
demonstrated! by! Mössbauer! and! XPSDspectroscopy.! The! regular! surface! structure!
was! demonstrated! by! the! reflectivity! of! the! sample! upon! rotation! and! tilting! in!
combination!with!scanning!electron!microscopy.!The!growth!direction!of!the!lamellae!

































































































































4! Application! of! SelfUOrganizing! Arrays! of! SnO2!
Microplates! with! Enhanced! Photocatalytic! and!





Many! features!of!materials,! in!particular!of! transition!metal!oxides,! become!only!of!
practical! value!when! the!material! is!microD! or! nanostructured! and! therefore! has! a!
high! surface! area! (e.g.! for! photoinduced!water! splitting,[1][2]!as! photocatalysts! for!
organic! degradation,[3][4]! selfDcleaning! substrates[5][6]! and! solar! cell!
electrodes.[7][8])! or! short! solid! state! diffusion! paths! (e.g.! for! electrochromic!
devices[9]! or! batteries[10]).! Following! the! discovery! of! the! new! lamellar! Sn/SnO2!
structure,! a! comparison! of! possible! applications! with! the! wellDknown! spongeDlike!






doped!with! fluorine[17]!or!antimony[18]! to! improve! its!electrical!conductivity.! It! is!
also! used! to! make! indium! tin! oxide! composites! (ITO),[15]! one! of! the! important!
transparent! conducting! oxides! that! find! application! in! touchDscreen! devices.! For!
many!applications!(e.g.!for!dye!sensitized!solar!cells[19]–[21])!SnO2!is!fabricated!as!a!





underlying! principle! of! all! the! photocatalytic! reactions! is! that! UV! light! induces! the!
formation!of!electron–hole!pairs! in!the!semiconducting!oxide.!The!generated!charge!
carriers!are!ejected!to!the!surrounding!electrolyte!where!they!generate!valence!band!
holes! (h+)! as! highly! reactive! redox! species,! which! –! after! transfer! to! the! aqueous!
electrolytes!–!have!a!sufficient!energy!to!produce!OH!!radicals.!These!radicals!can!be!
used! to! trigger! chain! scission! in! attached! hydrocarbon! chains,! and! thus! liberate!
terminal!payloads.!
Herein! the! chemical,! physical! and! biological! applications! of! the! lamellar!
microstructure! were! investigated! in! detail! and! compared! to! spongeDlike! SnOx.! The!
capabilities! to! photodegrade! Rhodamine! B,! amphiphilic! behavior! and! antibacterial!
behavior! were! compared.! SnO2! lamellae! exhibit! higher! photoDreactivity! and! are!
actively!involved!in!the!degradation!of!organic!molecules!upon!exposure!to!UV!light.!












tin! foil!with! a! thickness!of!0.25!mm!and!a!purity!of!99.998!%!was!purchased! from!
ABCR.!The!foil!was!cut!into!round!plates!with!a!diameter!of!15!mm!with!a!hole!punch.!









methanol! (≥! 99.8!%,! SigmaDAldrich),! 200!mL! of! 1Dbutanol! (99!%! extra! pure,! Acros!
Organics),!29.16!mL!of!perchloric!acid! (70%!solution! in!water,!Acros!Organics)!and!
4.71!mL!of!MilliQDWater!was!used.!A!constant!anodic!bias!of!40!V!was!applied!via!a!











10! V! applied! by! a! Voltcraft! Digi! 35! voltage! source! for! 10! min! to! 24! h.! After!















Contact! angle! (CA)! goniometry! was! performed! on! a! drop! shaped! analysis! system!
(DSA! 10DMk2,! Krüss! GmbH,! Germany),! equipped! with! a! thermostat! chamber!
(TC3010/3410,! Krüss!GmbH,!Germany),!which! in! turn!was! connected! to! a! Thermo!









Freshly! prepared! E.* coli! (TOP! 10! Invitrogen)! culture! was! incubated! at! 37! °C! over!
night! under! constant! shaking.! The! anodized! foil! was! placed! in! a! petri! dish! and!
covered!with!4!ml!LB!medium.!0.5!ml!E.*coli!culture!were!added!and!the!sample!was!
incubated!overnight!at!37!°C.!The!foil!was!moved!into!a!new!petri!dish!containing!2!
ml! fresh!LB!medium! to!prevent!drying!out!of! the!bacteria.!Then,! the! samples!were!
irradiated!with! UV! light! at! 254! and! 366! nm! for! 1! h.! After! irradiation,! the! foil! was!
washed!with!2!ml!LB!medium!and!placed!on!a!LB!agar!plate!without!ampicillin!for!15!
min,!with!the!anodized!side!of!the!foil!facing!the!substrate.!With!the!2!ml!LB!medium!
used! for! washing! of! the! foil,! a! wavy! line! was! applied! on! the! substrate! using! an!
inoculation!loop.!Then,!the!LB!plates!were!incubated!overnight!at!37!°C.!!
Photocatalytic!degradation!of!Rhodamine!B!!
The! ability! to!photodegrade! a!dye!was!measured!by!placing! the! sample! in! a! vessel!
containing! 5!ml! of! an! aqueous! Rhodamine! BDsolution! (2!mmol/l).! The! sample!was!
irradiated!with!UV!light!at!254!and!366!nm!for!210!min.!After!0,!5,!10,!15,!20,!25,!30,!
40,!50,!60,!90,!120,!150,!180!and!210!min!of!irradiation,!1!ml!aliquot!of!the!solution!











anodization! in! a! solution! of! solely! oxalic! acid! leads! to! a! nanoporous! spongeDlike!
surface! consisting! of! tin! dioxide! with! a! thickness! of! up! to! 20! micrometer! after!
anodization!for!10!minutes!(Figure 4.1c,d).!!
!











An! immediate! application! of! the! SnO2! surface! is! the! fabrication! of! selfDcleaning!
surfaces.!Semiconductors!such!as!SnO2!with!photocatalytic!activity[27]!have!attracted!
great! interest! due! to! their! potential! application! in! the! degradation! of! organic!






!D)!are! the!reactive!species!at! the!surface!of! the!anodized!
foils!(and!of!many!metal!oxides).[34][35]!The!subsequent!oxidation!of!the!dye!results!
in! a! discoloration! of! the! aqueous! Rhodamine! BDsolution.! As! shown! inFigure! 4.2,!










Figure! 4.2! Degradation! of! Rhodamine! B! under! UV! irradiation! on! an! anodized! Sn!
surface!
!
If!a! lamellar!sample!was!kept! in! the!dark!while!being! in!contact!with!Rhodamine!B!
solution,! no! color! change!was! observed,! indicating! that! the! degradation! of! the! dye!







As! rough! solid! surfaces! often! show! superhydrophilicity! and/or!
superhydrophobicity,[36]! the!wettability! of! the! rough! SnO2! lamellae! for!water!was!
examined.! The! microstructured! SnO2! surface! exhibited! a! structureDdependent!
amphiphilic!behavior!upon!exposure!to!UV!light,!as!demonstrated!by!measuring!the!
contact! angle! of! the! surface! in! the! presence! of! water.! Figure! 4.3a! shows! that! the!
surface! of! a! sample!with! horizontally! oriented! lamellae! is! hydrophobic! under! dark!
conditions! (contact! angle! 133°).! After! irradiation!with!UV! light! for! 3! h,! the! contact!
angle!decreased!to!35°.!When!the!surface!was!dried!and!kept!in!the!dark!for!24!hours,!
this!behavior!could!be!reversed,!i.e.!the!surface!became!hydrophobic!again.!The!same!
experiment! applied! to! a! sample!with! vertically! oriented! lamellae! did! not! lead! to! a!
measurable!contact!angle,!i.e.!the!surface!texture!did!not!support!a!stable!solidDliquidD













































Figure! 4.3! Hydrophilic! and! hydrophobic! behavior! of! the! anodized! surface! with!
horizontally!orientated!layers!(a)!and!spongeDlike!tin!oxide!(b).!Digital!images!of!







The! photocatalytic! properties! of! active! surfaces! can! be! further! explored! for!
antimicrobial! applications,! giving! them! great! technological! interest.! The!
photocatalytic!properties!of!the!anodized!SnO2!foils!were!exploited!for!antimicrobial!
applications! based! on! formation! of! radical! species! upon! illumination.! The!
antimicrobial! properties! were! assessed! with! cell! cultures! of! E.* coli,! a! common!
biological!contaminant!in!wastewater!and!food.!For!this!purpose!E.*coli*cultures!were!
incubated!with!anodized!foils!overnight!at!37!°C!under!dark!conditions.!Subsequently,!
these!surfaces!were!exposed! to!UV! light!at!254!and!366!nm! for!1!h.!The! foils!were!
washed!with!LB!medium!and!the!active!surface!was!pressed!against!a!LB!agar!culture!
plate.!From!the!supernatant!washing!solution!a!wavy!line!was!also!applied!to!the!agar!
plate.! The! plates! where! left! to! incubate! at! 37! °C! overnight,! and! visually! inspected!




agar! plate,! highly! reduced! bacterial! growth! was! observed.! SpongeDlike! SnOx! in!
contrast!showed!lower!efficiency!in!antibacterial!behavior!as!shown!by!the!remnants!
of!bacteria!from!the!supernatant!washing!solution!(Figure!4.4b).!With!a!polished!foil!
(Figure! 4.4c),! a! high! growth! of! bacteria! was! observed.! This! indicates! that! for! the!
anodized!foil!after!exposure!to!UV!light!very!few!bacteria!survived,!in!contrast!to!the!








like! SnOx!(b)! and! a! polished! foil! (c).! Experiment! was! performed! by! Thorben!
Link.!
!
In! general,! toxicity! is! triggered! by! the! induction! of! oxidative! stress! by! free! radical!
formation,[37][38]! that! is,! radical! oxide! species! (ROS)! like! superoxide! or! hydroxyl!
radicals.!However,!as!the!ROS!species!in!this!work!were!generated!on!SnO2!surfaces!
by!illumination!with!light,!and!considering!furthermore!that!no!severe!toxicity!effects!
have! been! reported! for! SnO2! nanopartices,[39]! and! that! SnO2! is! highly! insoluble! in!
aqueous! media,[40][41]! we! assume! that! the! antiDmicrobial! properties! are! due! to!
radical! metabolites! formed! by! photooxidation! (a! specific! reaction)! rather! than! to!
SnO2!toxicity!(which!may!be!related!to!a!variety!of!chemical!processes).!
The! reactivity! of! solid! surfaces! is! associated! with! desired! (catalytic)! or! unwanted!
(toxic)!effects.!The!solubility!or!degradation!of! solids!are! important! contributors! to!
their! reactivity! in! a!biological! environment.[39][42]!The!highly!polymeric!oxides!of!
the!group!4!elements!(Si,!Ge,!Sn)!and!the!early!transition!metals!(e.g.!Ti,!Zr,!Ta)!are!
highly! insoluble! (and! therefore! highly! inert),[43]! whereas! oxides! of! the! later! 3d!
transition! metals! (e.g.! Mn,! Fe,! Co,! or! Zn)! metals! are! instable! under! acidic/basic!
conditions!or!in!the!presence!of!coordinating!ligands.[44]!As!SnO2!forms!a!dense!layer!





effects!on!guppy.[39]!SnO2!nanoparticles!may!penetrate! into! the! fish!blood! through!
the! gills! and! intestine,! finding! their! way! to! various! organs,! but! D! because! of! their!
insolubility! D! they! have! no! toxic! effects.! Similar! results! were! obtained! in! earlier!
experiments! on! rainbow! trout! exposed! to! titanium! dioxide! nanoparticles,[45][46]!
whereas! copperDcontaining!nanoparticles!were! toxic! for!D.*rerio,[47]!and!silver!and!








structure! fabricated!by! anodization!of! tin! in! a! buffer! solution!of! oxalic! acid! and!diD
potassium!oxalate!exhibits!a!distinctively!higher!photoactivity!upon!exposure!to!UV!
light!than!spongeDlike!SnOx.!Due!to!their!intrinsic!photocatalytic!activity!paired!with!
high! surface! area,! the! anodized! lamellar! SnO2! surfaces! can! degrade! organic!
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surface! area! has! increased! within! the! last! years,! as! such! kind! of! materials! can! be!
applied! in! various! fields! such! as! in! catalysts,[1][2]! and! as! electrode! materials! in!
energy!storage!devices,!especially!in!lithiumDion!batteries.[3]–[5]!Currently,! lithiumD
ion!batteries!are!the!leading!energy!storage!devices!in!portable!electronic!devices!and!
are! furthermore! attractive! candidates! for! upDscale! applications! such! as! electric!
vehicles.! However,! the! stateDofDtheDart! batteries! contain! electrode! materials! with!
rather!limited!specific!capacities,!whereby!on!the!anode!side!graphite!is!applied!with!
a! theoretical! capacity! of! 372!mAh! gD1.! Therefore,! the! exploration! of! new! electrode!
materials!with!higher!specific!capacities!is!indispensable,!for!instance!to!increase!the!
driving!range!of!electric!vehicles.!!
!As! alternative! electrode! materials,! inter*alia! tin! and! tin! oxides! (SnO! or! SnO2)! are!
interesting,!due!to!their!theoretical!specific!capacity!of!around!790!mAh!gD1.[6][7]!As!
conversionDalloying! compounds! tin! oxides! first! undergo! a! conversion! reaction!
forming! elemental! tin! and! Li2O.! This! conversion! is! followed!by! alloying! reaction! of!
elemental!tin!and!lithium!described!as!follows.[8][9]!
AB,* "+ "4CD
% "+ "4() → AB" + "2CD*,! (1)!




These! oxides! suffer! from! the! irreversible! formation! of! Li2O! and! from! the! volume!
changes!during!the!(deD)alloying!progress.!Both!issues!cause!a!capacity!fading!during!
electrochemical! cycling.[10]–[12]! Thus,! especially! in! case! of! tin! oxides! the!
architecture! of! active! material! morphology! has! a! high! impact! on! the! battery!
performance.!Current!approaches!to!address!these!issues!range!from!the!use!of!zeroD
dimensional! nanoparticles! to! threeDdimensional! nanoDsized! morphologies! with!
hollow! structures,[6][13]–[15]! for! instance! hollow! tin! dioxide! microspheres,[16]!
whereby!the!motivation!to!create!hollow!structures!is!driven!by!the!idea!that!the!void!
space! buffers! the! volume! changes.[13]! Furthermore,! nanoporous! tin! oxides! have!
been!investigated!recently,!but!suffered!from!very!short!cycling!lifetime.[17]–[19]!In!
addition!to!the!downsizing!of!active!material!to!nanoDsize,!the!application!of!a!carbon!
coating! on! the! surface! of! nanoDsized! active! material! lowers! the! intrinsically! high!
electrical! resistance! within! the! electrode! composite! and! improves! the! battery!
performance,!as! it!has!been!applied! to!numerous!active!materials! including!also! tin!
oxides.[20][21]!
Herein,!the!synthesis!of!a!carbon!coated!nanoporous!spongeDlike!morphology!of!SnOx!
was! investigated.! The! spongeDlike! morphology! of! SnOx! is! derived! by! first!
electrodepositing!Sn!immediately!onto!CuDfoil,!which!serves!as!the!current!collector,!
followed! by! the! anodization! of! the! Sn! film! in! an! aqueous!medium! resulting! in! the!
nanoporous!spongeDlike!morphology.!Thus,!for!this!approach!there!is!no!need!for!the!
addition! of! electrochemically! inactive! binding! material! and! no! need! of! slurry!
preparation!using!toxic!organic!solvents!such!as!NDmethyl!pyrrolidone!(NMP),!which!
is! a! common! procedure! in! many! of! the! reports! in! this! area! of! research.[22]! The!





enables! short! diffusion! pathways! for! the! lithiumDions! due! to! the! nanoDsized!
dimensions.! Furthermore,! these! films! are! functionalized! with! block! copolymers!
containing!an!anchor!block!and!a!graphitizable!block!to!obtained!homogenous!carbon!
film.[5][21][23]! As! a! carbon! source! polyacrylonitrile! is! used! and! a! rather! low!
pyrolysis! temperature! (350! °C)! is! applied.! At! this! temperature! a! flexible!
carbonaceous! material! (also! described! as! cyclized! polyacrylonitrile)! is! obtained,! a!
strategy! similarly! reported! to! buffer! volume! changes! of! silicon,! a! further! alloying!
based! electrode! material! for! lithiumDion! batteries.[24]! A! detailed! structural! and!
morphological!characterization!of! the!asDsynthesized!material!as!well!as! the!carbon!
coated! material! is! described! in! this! manuscript.! Furthermore,! the! synthesized!
materials! are! applied! as! an! electrode! material! in! lithiumDion! batteries! and! the!
influence!of!the!carbon!coating!is!investigated!by!comparing!asDanodized!and!carbon!
coated! material.! ExDsitu! scanning! electron! microscopy! was! applied! after!








Copper! foil! (Schlenk)! was! cut! into! round! pieces! of! 15! mm! in! diameter.! The!









and! deionized! water! was! used.! Electrodeposition! was! carried! out! at! a! constant!
current! of! 4! mA! applied! via! an! Agilent! E3646A! voltage! source! for! 25! min.! After!
electrodeposition,! the! solution!was! removed,! the! foil! rinsed!with!MilliQDWater! and!
airDdried.!For!the!anodization,!a!solution!consisting!of!5.9!wt%!oxalic!acid!dihydrate!
(≥!99.5!%,!SigmaDAldrich)!and!deionized!water!(Millipore)!was!used.!Anodization!was!
carried! out! under! a! constant! anodic! bias! of! 10! V! applied! by! a! Voltcraft! PSP! 1803!
voltage! source! for! 6!min.! After! anodization,! the! solution!was! removed,! the! sample!
rinsed!with!deionized!water!and!airDdried.!!
5.2.2! Carbon!Coating!of!SnOx!Sponges!!
The! carbon! precursor! block! copolymer! was! synthesized! according! to! a! previous!
synthesis! strategy.[5]! Briefly,! acrylonitrile! (AN)! was! polymerized! by! RAFT!























XPS! spectra! were! measured! on! a! PHI! 5600! MultiDTechnique! XPS! (Physical!
Electronics,! Lake! Drive! East,! Chanhassen,! MN)! using! monochromatized! Al! Kα! at!
1486.6!eV.!Prior!to!measurement,!the!surface!was!sputtered!for!1!s!with!Ar+!ions!to!



























with! hexafluoroisopropanol! as! solvent.! The! detector! system! contained! refractive!










glove! box! (MBraun)! with! water! and! oxygen! content! of! less! than! 0.1! ppm.!
Polypropylene! fleeces!(FS2190!Freudenberg,!Germany)!were!used!as!separator!and!
were! drenched! with! an! ethylene! carbonate:! diethyl! carbonate! 3:7! electrolyte!
containing! 1M! LiPF6.! As! a! counter! and! reference! electrode! lithium! foil! (Rockwood!
Lithium)!was!used,! so! that!all!given!potentials! refer! to! the!Li/Li+! redox!couple.!The!
electrochemical!experiments!were!conducted!at!20!°C!±!2!°C.!A!Maccor!Battery!Tester!
was!used! for! galvanostatic! cycling! experiments.! Cyclic! voltammetry!was!performed!












Figure! 5.1! Scheme! showing! the! different! steps! of! sample! preparation! (left)! and!
magnification!of!the!schematic!sample!structure!(right).!
!
A! tin! film! was! electrodeposited! from! a! tin(II)! chloride! and! triDammonium! citrate!
containing!solution[26]!onto!copper!foil,!which!can!be!used!as!the!current!collector!in!
the! lithiumDion! battery! setup! (see!Figure 5.1).! SEM! image! of! the! deposited! film! is!
shown! in! Figure 5.2a.! The! surface! exhibits! a! preDstructuring! resulting! from!
intertwined! single! crystals! grown! during! the! deposition.! By! applying! a! common!
anodization!technique!described!in!Chapter!2.4.1,[27]!a!spongeDlike!SnOx!film!can!be!
formed!as!shown!by!the!SEM!image!in!Figure 5.2b.!As!already!mentioned!in!Chapter!
1.3!the!anodization!of! tin!generates! large!amounts!of!oxygen.!The! formed!oxygen! is!
the!reason!for!pore!breaking!and!inhibits!regular!pore!growth,! thus!resulting! in!the!













thickness! of! 20! D! 25! μm! (Figure! 5.3).! Longer! anodization! times! than! the! herein!
applied!time!of!6!min!result!in!spallation!of!the!oxide!layer,!because!once!the!reaction!
reaches! the! bottom! of! the! tin! layer,! oxygen! evolution! results! in! detachment! of! the!
SnOx! from! the! copper! foil.! Thus,! anodization! was! interrupted! shortly! before! the!








Figure! 5.3! a)! Cross! section! SEM! image! of! anodized! sample.! Top:! SpongeDlike!























was! chosen! and! incorporated! into! the! polymer,! as! dopamine! containing! polymers!
were!reported!to!bind!onto!SnO2!nanoparticle!surfaces.[32]!The!reversible!additionD















in! Figure! 7.13! Appendix)! by! the! aminolysis! of! the! reactive! ester! to! finally! obtain!
poly(acrylonitrileDdopamine!acrylamide)!(P(ANDDAAM)).!The!successful!synthesis!of!
the! polymer! can! be! proven! by! IR! spectroscopy,! which! proves! the! attachment! of!
dopamine!due!to!the!presence!of!the!amide!band!(1702!cmD1)!and!the!disappearance!
of! the! reactive! ester! band! (1654! cmD1)! (see! Figure! 5.5b),! size! exclusion!
chromatography! (SEC)! showing! a! shift! to! lower! elution! volumes! after! the! block!




The! polymer! was! bound! onto! the! spongeDlike! inorganic! structure! by! dipping! the!
inorganic!material! into! a! polymer! solution! in! DMF! for! 6! h.! Unbound! polymer!was!
removed! by! repeated!washing!with!DMF.! The! polymer! coating! is! transformed! into!













Energy! dispersive! XDray! (EDX)! spectroscopy! was! used! to! further! investigate! the!







close! to! the!Cu! foil! (see!Figure!5.7b),! but! increases! starting! from! the!middle! of! the!
sponge! in! direction! of! the! surface! (see! Table! 7.4! and! Figure! 7.16! Appendix).! In!
contrast! to! previous! reports! observing! an! increase! in! oxidation! state! upon! heat!
treatment! of! the! sponge,[31][32]! the! combination! of! polymer! coating! and! heat!
treatment! in! oxygen! free! atmosphere! seem! to! create! a! reducing! atmosphere.! The!
gradient! in!oxygen!concentration! further!supports! the!assumption!of!a!reduction!of!
tin(IV)!oxide!during!the!heat!treatment!in!the!presence!of!carbonaceous!material!as!











The! elemental! composition! of! the! film!was! further! studied! by! XDray! photoelectron!
spectroscopy! (XPS).! HighDresolution! spectra! of! C! and! Sn! elements! before! and! after!
coating!and!tempering!are!shown!in!Figure!5.8aDb.!Representative!survey!spectra!are!
shown! in! Figure!5.8c.! In! the! case! of! the! nonDcoated! sample,! a! low! intensity! carbon!
signal!could!be!detected.!Since!XPS!is!a!surface!sensitive!technique!and!as!no!carbon!
signal! could! be! detected! by! EDX! analysis,! we! assume! the! signal! to! originate! from!
adventitious! carbon.! Curve! fitting! showed! the! signal! to! exhibit! the! typical! peaks! at!





eV! can! be! attributed! to! the! CDN! bond! resulting! from! nitrogen! incorporated! in! the!
conjugated! organic! structure! of! the! coating! after! pyrolysis.[36]! A! second! peak! is!
expected!to!appear!at!285.9!eV!originating!from!the!CDN!double!bond.!Because!of!the!
large! overlap! with! the! CDO! peak,! it! was! not! possible! to! distinguish! them,! but! the!
increase! in! intensity!observed!for!the!CDO!peak!compared!to!the!nonDcoated!sample!
points! towards!an!additional!contribution! from!the!CDN!double!bond! in! the!coating.!
Furthermore,!a!N!1s!peak!was!observed!at!a!binding!energy!of!400.1!eV!in!the!coated!









Sn(II)! and! Sn(IV)! respectively,! further! confirming! the! appearance! of! SnO! in! the!
sample.!The!ratio!of!Sn!to!O!was!found!to!be!1:1.12,!which!is!in!good!agreement!with!
the!results!from!EDX!analysis.!After!coating,!the!Sn(II)!signal!increases!from!78%!to!
85%!while! the! Sn(IV)! signal! shows! a! decrease! from!17%! to! 11%! compared! to! the!































Figure! 5.10!Cyclic! voltammogram!of! uncoated! SnOx! sponges! (a)! and! carbon! coated!
SnOx! sponges! (b).! ! Measurement! and! data! treatment! performed! by! Bernd!
Oschmann.!
!
In! the! first! cathodic! sweep!of! the! carbon! coated! sponges! a! reduction!peak! at! 0.9!V!
with! a! shoulder! at! 1.2! V! can! be! observed,! which! is! ascribed! to! the! partially!
irreversible!stepwise!formation!of!elemental!Sn!and!Li2O!as!well!as!the!formation!of!






of! Li2O.[41][42]! The! second! as!well! as! the! following! cycles! show! some! differences!






peak! at! 1.28V! is! decreased! and! a! second! peak! shows! up! at! 1.8! V! due! to! the!
decomposition!of!Li2O.[42]!!
Compared! to! the! carbon! coated! SnOx!sample,! the! uncoated! sample! shows! similar!
features! including! an! intensive! cathodic! peak! due! to! the! SEI! formation,! a! cathodic!
main! peak! due! to! the! alloying! as! well! as! the! dealloying! peaks.! However,! in! the!
following!cycles,!the!intensity!of!the!cathodic!peak!at!1.2V!and!the!anodic!peak!at!1.8!
V! is! strongly! reduced.! Thus,! the! partial! decomposition! of! Li2O! seems! to! be! more!
reversible!in!the!presence!of!the!carbon!coating.!!
In! Figure! 5.11! a! comparison! of! the! rate! capability! of! coated! and! uncoated! SnOx!
sponges!is!presented.!At!the!applied!specific!currents!of!50,!100,!200!and!500!mA!gD1!
specific! charge! capacities! of! 400,! 287,! 220! and! 102! mAh! gD1,! respectively! can! be!
obtained!for!the!uncoated!SnOx!sponges.!Significantly!higher!charge!capacities!of!600,!
505,!431!and!260!mAh!gD1!respectively!can!be!obtained!for!the!coated,!which!is!for!all!

















and! are! more! pronounced! for! the! coated! compared! to! the! uncoated! sample.!
Furthermore,! in! case!of! the! coated! sample! a!higher! gain!of! specific! capacity! can!be!





coating.[23]! Figure!5.11d! shows!50! cycles! of! the! carbon! coated! and!uncoated! SnOx!
sponges! at! 50! mA! gD1.! In! case! of! the! uncoated! sponges! the! charge! capacity! drops!
rapidly! within! the! first! 10! cylces! from! 880! to! 441!mAh! gD1.! In! contrast,! the! initial!




Potential! profiles! of! selected! cycles! up! to! cycle! 20! are! shown! in! Figure! 7.17!
(Appendix)!and!prove!the!enhanced!cycling!performance!of!coated!SnOx!sponges.!In!
case! of! uncoated! sponges! the! plateau! of! the! charge! profile! in! the! voltage! region!




Compared! to! previous! reports! on! nanoporous! tin! oxide,!which! report! capacities! of!
less!than!300!mAh!gD1!after!20!cycles!in!the!voltage!range!of!0.01!V!to!voltages!higher!
than! 1.8! V,[17][18]! the! carbon! coated! sample! shows! a! strongly! enhanced! battery!
performance,!as!still!a!discharge!capacity!of!497!mAh!gD1!can!be!obtained.!!
The! morphology! of! the! spongeDlike! structure! was! investigated! after! galvanostatic!
cycling! by! ex*situ! SEM!measurements! as! shown! in! Figure! 5.12! for! CDSnOx! samples!
after! the! first! and! fifth! charge.! Obviously,! the! spongeDlike! morphology! could! be!


























Figure!5.12!SEM!images!of!CDSnOx!electrodes!after!a)! the! first!charge!and!b)!after! the!






In!summary,! the!synthesis!of!spongeDlike!SnOx! films!deposited!onto!copper! foil!was!
described.!The!film!was!coated!with!a!block!copolymer!containing!carbon!precursor!
polymer,!followed!by!annealing!to!get!a!thin!homogeneous!carbon!film.!!Composition!
of! the!SnOx! film!was! investigated!before!and!after!coating!using!XRD,!EDX,!XPS!and!
RamanDspectroscopy!and!proves! the! spongeDlike!morphology!and! the!presence!of! a!
carbon! film! in! case! of! the! coated! sample.! The! tin! oxide! film! was! found! to! mainly!
consist!of!tin(II)!oxide!prior!to!coating,!while!a!partial!reduction!was!observed!during!
the! heat! treatment.! Electrochemical! characterization! shows! that! the! coated! SnOx!
sponge!exhibits!an!increased!specific!capacity!and!higher!cycling!stability!compared!



































































































































































those! valence! states,! Fe2O3! has! been! investigated! widely! because! of! the! potential!
application!as!photocatalyst,[1][2][3][4][5]!gas!sensor,[6][7]!and!lithium!ion!battery!
electrode.[8][9]! Among! various! nanostructure! morphologies,! vertically! aligned!
nanotubes!offer!a!high!degree!of!surface!area!while!the!anodization!route!allows!an!
easy! control! of! pore! length,! diameter! and! wall! thickness.! In! contrast! to! the!
anodization!of!other!valve!metals,!which!are!usually!carried!out!at!room!temperature,!
anodization!of! iron! is! strongly!dependent!on! the! temperature!of! the!electrolyte!e.g.*
Brownian!motion! and!mass! transport.[10]! At! room! temperature! well! defined! iron!
oxide!nanotubes!of!up!to!1!μm!in!length!could!be!prepared!by!vigorously!stirring!the!
electrolyte.[11]!A!sonoelectrochemical!anodization!method!yielded!nanotubes!with!a!
length! from!40nm! to!2!μm.[12]!At! lower! temperatures!only!nanoporous! structures!
can!be!synthesized!with!a!length!of!about!500!nm.[13]!By!increasing!the!temperature!
and! thus! increasing! the! viscosity! and! diffusion! speed! of! the! electrolyte,! nanotubes!
with!a!length!of!up!to!3!μm!could!be!achieved.[10]!!
The! goal! of! this! work! is! a! better! understanding! of! the! growth!mechanism! of! iron!
oxide! nanotubes! and! to! increase! pore! length! and! control! pore! diameter! while!
maintaining!a!high!film!quality.!!
In!this!chapter,!several!parameter!of!the!anodization!were!investigated!on!their!effect!
















(p.A.,! SigmaDAldrich),! perchloric! acid! (SigmaDAldrich)! and! MilliQDwater!
























sample! was! quickly! washed! with! water,! acetone! and! then! airDdried! to! prevent!
oxidation.!Anodization!was! carried! out! in! the! same! setup! equipped!with! a! customD
made!glass!coil,!which!was!connected!to!a!circuit!heater!to!control!the!temperature!of!
the!electrolyte.!The!electrolyte!consisted!of!0.3!wt%!ammoniumfluoride!and!ethylene!












Laser! microscopy! images! were! recorded! using! a! confocal! Keyence! VKD8710! laser!
microscope.! As! guiding! value! for! surface! roughness,! the! Rq! value! was! used.! It! is!
calculated!as!followed:!
78 "= " (
1
;
∗ ('(=)−< ' >)*)!












As! purchased! iron! foil! exhibits! a! noticeable! roughness! from! rolling! of! the! foil.!
Compared!to!tin,!surface!roughness!is!even!higher!with!an!RqDvalue!of!0.67!μm!and!







If!an!anodic!bias! is!applied!to! the! foil!without!stirring!of! the!solution,! the!surface! is!
oxidized!and!a!brownDorange!colored!film!becomes!visible.!This!film,!presumably!iron!
oxide! judging! from! the! color,! functions! as! a! blocking! layer,! resulting! in! a! drop! in!
current! density.! Based! on! the! experience!with! tin,! stirred! polishing!was! examined.!
Even! though!a! larger!version!of! the! stirring! cathode!was!manufactured! (see!Figure!
6.2!left)!to!comply!with!the!increased!diameter!of!the!foils,!stirring!did!not!seem!to!be!
effective!enough!to!remove!the!oxide!as!fast!as!it!was!produced.!Because!of!the!larger!






Following! those! results,! a! new!doubleDcut! electrode! and! an! adjusted!PTFEDcylinder!
were!manufactured!(Figure!6.2!right).!The!axeDlike!shape!of!the!tip!increased!stirring!














































using! a! customDbuilt! glass! coil! connected! to! a! circuit! heater,! a! temperature! in! the!
setup! as! stable! as! possible! was! achieved.! To! find! the! optimal! temperature! for! the!
electrolyte,! short! anodizations! of! three! minutes! were! carried! out! at! different!
temperatures.!Up! to!50°C,!no!porous! structure! is! formed.!The! surface! is! covered! in!
nanoleaflets! and! flowerDlike! structures! (see! Figure! 6.4! top! left).[15]! Compared! to!
higher!temperatures,!the!initial!drop!in!current!is!less!steep!as!the!surface!passivation!
layer!does!not!seem!to!be!as!thick!or!complete!as!the!one!produced!at!higher!reaction!








6.5).! Further! increase! of! the! temperature! to! 65! °C! leads! to! a! uniform!porous! layer!
with!a!pore!diameter!on!the!surface!of!22!nm!(Figure!6.4!bottom!left!and!Figure!7.18b!
Appendix).!As!the!viscosity!decreases!the!mobility!of!the!electrolyte,!and!so!the!mass!
transport,! increases.! The! initial! drop! in! current! is! higher! as! the! whole! surface!
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passivates! (Figure! 6.5).! Subsequently,! a! slow! increase! is! visible! reaching! a! plateau!
after! about! 120! seconds.! The! increase! in! current! is! due! to! the! formation! of! the!
nanopores! as! the! passivation! layer! is! dissolved! and! the! thickness! e.g.*the! effective!
resistivity! decreases! (see! Chapter! 6.3.3).! ! At! 70! °C,! pore! distribution! is! more!
homogeneous! and! first! selfDordering! can!be!observed! (see!magnification!Figure!6.4!
bottom! right).! Diameter! of! the! pores! openings! increases! to! 30! nm! (Figure! 7.18c!
Appendix).! Initial! drop! in! current! is! once! again!higher!due! to! a! thicker!passivation!
layer! (Figure!6.5).!As! expected! from! the! similarity! in! surface! structure,! the! current!









Figure! 6.5! Current! curves! of! anodization! in! electrolyte! heated! to! different!
temperatures.!
!
Anodization! for! 30! minutes! at! 70! °C! leads! to! a! homogeneous! nanoporous! film! of!
2.80!μm! thickness! (Figure! 6.6).! Diameter! of! the! opening! of! the! pores! increases!











For! a! further! understanding! of! the! growth! mechanism,! the! anodized! foil! was!
investigated! in! SEM! after! different! anodization! times.! Even! though,! the! growth!
mechanism!was!already!studied!for!the!initial!120!seconds!of!anodization!by!Misra!et*
al.,[16]! no! detailed! analysis! of! the! subsequent! reaction! steps! was! reported! in!
literature.!In!the!theoretical!approach!to!pore!formation,!a!current!curve!exhibits!an!
initial! drop! in! current! due! to! passivation! of! the! surface.! Then,! current! increases! as!
pores! are! etched! into! the! oxide.! After! some! time,! equilibrium! is! reached,! as! the!
increase!in!current!due!to!increase!in!surface!area!is!evened!out!by!the!thicker!oxide!
film!and!thus!a!decreasing!mass!transport!through!the!pores.!The!result!is!a!constant!











initial! drop,! (b)! Local! Maximum,! (c)! Second!Minimum,! (d)! First! Increase,! (e)!
Second!Increase!,(f)!Maximum,!(g)!Final!decrease!
!
In! the! beginning! of! the! reaction,! the! surface! is! passivated! as! the! iron! reacts! with!
water!(1)!and!fluoride!ions!(2)!in!the!electrolyte!forming!a!mixed!layer!of!iron!oxide!
and! iron! fluoride.! As! iron! oxide! is! a! semiconductor! and! iron! fluoride! an! insulator,!
current! flow! is! decreased.! Since! dissolution! of! the! oxide! already! begins,! the! film!
appears! porous.! Cross! section! measurement! reveals! the! "pores"! to! be! mere!
indentations!on!the!surface!of!the!compact!passivation!layer!with!thickness!of!about!
300!nm!(see!Figure!6.10a1D2).!Since!the!diffusion!rate!of!fluoride!ions!is!two!times!the!





2"5(" + "3"+*," → "5(*,J "+ "6"(
) "+ "6+%! (1) 
5(" + "35) "→ "5(5J "+ "3"(
)! !(2)!
!
In! the! next! step,! pores! are! formed! by! dissolution! of! the! oxide! layer! to! iron(III)!
hexafluoride! anions! (IHF)! (3),! resulting! in! an! increase! in! current! density! (Figure!
6.10b).!Since!hydroxide! ions!are!necessary! for! the!reaction,! locally! the!pH!seems!to!




% "+ "12"5) "→ "2" 5(5L
J) "+ "3"+*,!!! (3)!
5(5J "+ "3"+*," → "5( ,+ J "+ "3"+5! !(4)!
+5" → "+% "+"5)! !(5)!
!
For! the! following!decrease! in!current,!several!explanations!are!possible.!The!theory!
showing!the!highest!probability!is!presented!here!but!it!should!be!noted!that!further!
investigation!is!necessary!for!a!final!decision!on!the!validity!of!this!theory.!Since!the!
solution! is! not! agitated,! IHF! seem! to! accumulate! at! the! bottom! of! the! pores! and!
decreases! the! effective!potential.! Since! the!pores! are! short,! the! effect! of! the! anodic!
protection,!as!described!by!Wang!et*al.,[17]!is!small.!The!decrease!in!potential!at!the!
bottom! of! the! pores! seems! to! equilibrate! the! potential! difference,! slowing! the!
dissolution!of!oxide!at!the!bottom!of!the!pores,!which!leads!to!an!effective!decrease!in!
the! current! flow.!The! surface!morphology!does!not! change! significantly! during! this!
time!as!seen!in!Figure!6.10c.!The!surface!is!slightly!etched,!which!is!expected!as!the!





with! an! anodization! where! the! electrolyte! was! stirred.! Figure! 6.8! shows! current!
curves! of! an! anodization! for! three! minutes! with! and! without! stirring.! While! both!
reactions! produce! a! nanoporous! film,! the! nonDstirred! reaction! does! not! show! the!
observed!decrease! in! current.! Stirring!motion!quickly! transports! the!dissolved! iron!
fluoride!out!of!the!pores!and!prevents!accumulation.!Even!though,!stirring!seems!to!
homogenize! the! reaction! conditions,! it! was! not! used! due! to! several! disadvantages!
mentioned! in! Chapter! 6.3.7.! Furthermore,! pore! formation! is! only! observed! at! high!
temperatures,! which! means! increased! Brownian! motion.! Another! approach! to!
increase! film! quality! was! the! assistance! of! ultrasonic! sound,! which! also! can! be!
translated! into!micro! stirring! as! it! increases!mass! transport.[12]! A! decrease! of! the!
concentration! of! water! also! reduces! the! effect! since! it! slows! down! the! reaction,!
decreasing! the! rate! of! accumulation! of! IHF.! At! 2!wt%! only! a! slight! decrease! of! the!









the!dissolution!reaction!begins!again.!Pores!grow!as! the!bottom! layer! is! thinned!by!
partial!dissolution,!visible!by!the!increase!in!current.!In!the!following!10!minutes,!the!
pores! grow! to! a! length! of! up! to! 2.2!μm! (Figure! 6.10d1D2).! Since! the! current! curve!
shows! almost! plateauDlike! behavior! before! and! after! the! current! increase,! the!
possibility!of! a!phase! transfer!was!also! investigated!by! comparing!XDray!diffraction!
patterns!of! the!film!after!different!anodization!times!(see!Figure!6.9).!After!6.5!min,!
right! after! the! second! current! decrease,! the! sample! consists! of! a! thin! layer! of!
amorphous!Bernalite,!Iron!Oxide!Hydroxide!and!Magnetite.!Remaining!reflexes!can!be!








micro! diffraction! of! anodized! iron! foil! after! 6.5! min! (top! right)! and! 20! min!
(bottom! right)! Reflex! patterns! for! Iron! (yellow),!Magnetite! (blue),! Akaganeite!
(red)!and!Bernalite!(green)!
!
Relative! intensity! of! the!main! reflection! of! Bernalite! decreased,! indicating! a! lower!




As! the! reaction! continues,! subsequent! accumulation! of! IHF! leads! to! a! decrease! in!
reaction! rate,! but! due! to! the! higher! length! of! the! pores! and! the! increased! anodic!
protection,! the! effect! is! less! pronounced,! only! decreasing! the! slope! of! the! current!
curve.! Furthermore,! as! the! pores! grow! longer,! fluoride! ions! seem! to! migrate!
preferentially! in! a! radial! direction! because! of! the! electric! field! present! within! the!
nanopores.[16]!The!interpore!boundaries!are!enriched!with!fluoride,!decreasing!the!
concentration! of! fluoride! and! thus! the! effective! accumulation! of! IHF! at! the! pore!





into!play.!Accumulation!of! IHF!again! leads! to!a!slightly!decreased!dissolution!of! the!
pore!bottom.!Also!the!pH!has!decreased!over!the!reaction!time,!increasing!the!rate!of!
dissolution! of! iron! fluoride! in! the! interpore! boundaries.! This! leads! to! a! slow!












After! 60! minutes,! while! increased! in! length! (Figure! 6.10g2),! the! nanotubular!
structure! is! unevenly! etched,! chunks! of! oxide! material! lay! on! the! surface! and! the!




acid.! The! acid! dissolves! the! pores! from! the! outside,! which! results! in! the! observed!
collapse! of! the! pores.! Also! delamination! of! the! film! occurs! due! to! the! increased!
temperature! at! the! bottom! of! the! sample.! During! the! reaction,! the! iron! foil! is! in!
thermal!contact!with!a!massive!copper!block,!with!a!high!heat!capacity!and!which!is!
at! room! temperature! at! the!beginning! of! the! reaction.! Since! it! takes! longer! time! to!
heat!the!block,!the!foil!also!only!slowly!reaches!the!temperature!of!the!electrolyte.!It!
seems!that!at!a!certain! temperature,!migration!of! fluoride! ions! through!the!oxide! is!
increased! so!much,! that! the! formation!of! an!oxyfluoride!phase!occurs! on! the!metal!
surface! resulting! in! delamination! of! the! layer! as! reported! by!Habazaki! et*al.[19]! In!












If! the! foil! anodized! is! bent,! the! film! starts! to! break! into! pieces! due! to! the! induced!
stress.! This! can! be! used! for! further! investigation! of! the! structure.! As! mentioned!
above,!diameter!of!the!pores!openings!is!about!50!nm.!They!exhibit!a!concave!shape!
as!the!diameter!decreases!to!35!D!40!nm!over!the!range!of!several!nanometers.!From!
there,! a! constant!narrowing! towards! the! end! can!be!observed.!While! in! the!middle!
being!20!D!25!nm,!diameter!decreases!close!to!the!bottom!to!10!D!15!nm!(Figure!6.12!
left).! The! bottom! of! the! pores! is! closed! with! a! barrier! layer! of! about! 2.5! nm! in!
thickness.!The!metal!surface!shows!imprints!of!the!pore!bottoms!(Figure!6.12!right).!





















At! 50! V,! the! already!mentioned! nanoporous! film! with! a! diameter! of! 50! nm! and! a!
thickness!of!about!3!μm!is!produced.! If! the!voltage! is!slightly! increased!to!55!V,! the!
quality!of!the!film!suffers!dramatically.!The!surface!becomes!uneven!and!nanotubes,!
while!maintaining! their! diameter,! are! partly! dissolved.! This! is! probably! due! to! the!
reaction! speeding! up! to! a! point,! where! dissolution! of! the! pores! already! begins.!
Surprisingly,!a!further!increase!of!the!voltage!to!60!V!increases!the!quality!of!the!film!
again.!This! time! though,!pore!diameter! increases! to!72!nm!with!a!slight! increase! in!




At! low! applied! voltages,! no! porous! structure! was! formed.! Between! 50! D! 55! V,!
diameter!is!50!nm!and!increases!to!72!nm!at!60!V.!A!further!increase!in!anodic!bias!
decreases! the! film!quality!again!and! leads! to!a!rough,!unevenly!etched!surface!with!
remaining!oxide!material! lying!on! top!of! the!pores,!while! the!diameter!of! the!pores!
remains!constant.!
6.3.6! Modulation!of!Water!Concentration!
The! role! of! water! was! investigated! by! adding! amounts! between! 1! D! 3! wt%! to! the!
electrolyte.!SEM!images!of!the!film!and!a!comparison!of!the!current!curves!are!shown!
in!Figure!6.14.!Varying! the!concentration!of!water!added! to! the!electrolyte!changes!
film!quality!as!the!reaction!speed!is!modulated.!On!the!one!hand,!the!concentration!of!
water!dictates!the! limit! for!the!oxygen!available!for!the!formation!of! iron(III)!oxide.!










large! remains! of! oxide! material! from! the! surface! layer! which! were! not! dissolved!
completely,! even! though! a! porous! layer! is! synthesized.! This! is! also! reflected! in! the!









On! the! basis! of! various! reports! about! improvement! in! homogeneity! of! the! porous!
structure!by! stirring!of! the!electrolyte,! anodization!under! stirring!was! investigated.!
Figure! 6.15! shows! SEM! images! of! the! anodized! surface! after! 3! minutes! while! the!
solution!was!stirred!with!the!stirring!electrode!at!maximum!velocity.!At!the!center!of!
the! sample,! the! surface! layer! is!mostly! intact! as! visible! by! the! small! pore!openings!
(Figure! 6.15a).! The! effect! of! stirring! is! the! least! in! the! middle,! so! removal! of! the!










electrode! at!maximum! velocity! at! different! locations.! At! the! center,! pores! are!





In! addition! to! the! variation! of! the! film! quality! due! to! the! difference! in! effective!
agitation! of! the! electrolyte,! low! magnification! SEM! images! of! the! sample! show! a!







oxide! films.! To! investigate! the! effect! of! heat! treatment! on! the! film!morphology,! an!
anodized! sample! was! heated! with! a! heating! rate! of! 5!°C/min! and! a! dwell! time! of!
30!min!at!400!°C.!Figure!6.16!shows!SEM!images!of!the!anodized!film!after!tempering.!
The!surface!is!uneven,!as!the!tubes!seem!to!be!melted!together.!Analysis!of!the!cross!




















and! surface! etching! by! potential! differences! induced! by! possible! oversaturation! of!
IHF! at! the! pore! bottom.! Cross! section!measurements! of! the! film! revealed! a! conical!




diameter! and!yielded!an!even!greater! film! thickness.!Variation! in! the!abundance!of!
water!in!the!electrolyte!resulted!in!a!decrease!in!film!quality!as!the!reaction!is!slowed!
down,!leading!to!a!nonDoptimal!dissolution!of!the!surface!layer.!Tempering!decreases!























































































By! tempering!of! the! foil! at! 400! °C! and!a! slow!cooling! rate,! tin! recrystallizes!with! a!
high! degree! of! orientation! alignment.! This! inhibits! cavities,! typically! formed! after!
anodization! in! the! nanoporous! structure! due! to! former! grain! boundaries.!With! the!
use! of! a! buffered! solution,! the! precipitation! of! tin! oxalate! could! be! inhibited! and! a!
smooth! porous! film!with! a! slight! increase! in! pore!wall! thickness! and! homogeneity!
could! be! synthesized.! The! film!mainly! consists! of! tin(II)! oxide! as! proven! by! XDray!
diffraction.!Film!thickness!was!measured!to!be!26!μm!and!is!homogeneous!over!97!%!





By! the!use!of! the!buffered!solution,! it!was!possible! to!anodize! tin!at!voltages!below!
5!V,!leading!to!the!discovery!of!a!new!lamellar!arrangement.!Chapter!3!explored!the!
growth! mechanism! of! this! Sn/SnO2! structure.! It! is! homogeneous! over! the! whole!




consist! of! a! SnO2! shell! with! an! Sn! core.! Due! to! the! penetration! depth! of! gamma!
radiation!of!about!100!nm,! the!shell!was!estimated!to!be!about!90!nm!in! thickness.!
XPS!measurements!confirmed! the!coreDshell! structure!of! the! lamellae!by!showing!a!
shift! of! the! Sn! signals! to! lower! binding! energies! after! sputtering.! Additionally! the!
oxygen! signal! decreased! due! to! the! removal! of! the! oxide! shell.! The! lamellae! are!
etched!along!the!a,b!plane!of!the!crystal!structure!as!proven!by!XDray!measurement!of!
a! sample! prior! to! anodization.! The! orientation! of! the! tetragonal! axis! of! the! crystal!
structure!was! found! to! be! inclined!by!20°!with! respect! to! the! surface!normal.! This!
translates! into! an! inclination! of! the! a,b! plane! of! 70°,! which! was! found! to! be! the!
orientation! of! the! lamellae! after! anodization.! It! was! assumed! that! the! anisotropic!
conductivity!is!the!reason!for!a!faster!dissolution!of!tin!in!the!a,b!plane.!The!growth!
mechanism!can!be!divided!into!three!steps!as!proven!by!cross!section!SEM.!First,!the!
surface! is! passivated.!Then,! a! bladeDlike! structure! is! formed,!which! is! subsequently!
transformed!into!the!final!lamellar!structure!by!splitting!of!thick!blades!and!widening!
of! trenchDbottoms.!Orientation!of! the! lamellae! could!be!predicted!by!comparison!of!
the!current!curves!of! the!anodization.!Vertically!oriented! lamellae!show!the!highest!
increase! in!surface!area,! so! the!current! is! the!highest.!Due! to!a!slow!collapse!of! the!
structure,! the! current! slowly! decreases! as! the! reaction! continues.! Horizontally!
aligned! lamellae! show! the! lowest! increase! in! surface! area! and! thus! the! lowest!
current,! which! slowly! increases! due! to! a! further! increase! in! surface! area! as! the!
lamellae!are!formed.!Variations!from!the!optimal!parameters!of!the!reaction!lead!to!a!
decrease!in!film!quality.!If!the!anodization!potential! is! lowered!or!the!concentration!




decreased,! precipitation! of! tin! oxalate! occurs,! passivating! the! sample! surface! and!
inhibiting!the!formation!of!lamellae.!!
!
A! comparison! of! selected! properties! of! the! lamellar! and! spongeDlike! tin! oxide!was!
shown! in!chapter!4.!While!both! structures! showed!photocatalytic!behavior,! the! tin!
oxide! sponge! was! able! to! decrease! the! Rhodamine! B! concentration! only! by! 71!%!
while!lamellar!tin!oxide!yielded!a!degradation!of!89!%.!The!reason!for!this!seems!to!
be! the! high! surface! area! due! to! the! lamellar! arrangement! combined! with! short!
diffusion! pathways! because! of! the! thin! oxide! layer,! resulting! in! highly! efficient!
electronDhole! separation.! Additionally,! the! lamellar! structure! showed! a! structure!
dependent!amphiphilic!behavior.!While!vertical!oriented!lamellae!do!not!offer!enough!
contact! area! to! sustain! a! stable! solidDliquidDair! interface,! horizontally! oriented!
lamellae!exhibit!a!switchable!contact!angle!for!water.!By!irradiation!with!UV!light!or!
by!keeping!the!sample!in!the!dark,!the!contact!angle!could!be!switched!between!35°!
and!133°! respectively.!The!surface! texture!of! spongeDlike! tin!oxide!does!not!exhibit!
this! property,! as! the! contact! angle! did! not! change! under! irradiation!with! UV! light.!
Additionally,! the!structure!was!not!able! to!support!a!water!droplet!and!was!soaked!
within! minutes.! The! lamellar! structure! also! exhibits! an! increased! antibacterial!
activity!as!proven!by!coDincubation!with!E.*coli!bacteria.!On!the!spongeDlike!tin!oxide,!
a! high! degree! of! bacteria! was! destroyed! as! visible! by! the! remaining! fragments! of!








as! proven! by! XRD,! cross! section! EDX,! SEM! and! XPS! analysis.! The! tinDgluing! layer!




EDX! and! XPS! analysis.! Electrochemical! analysis! of! the! film! showed! an! increase! in!
capacity! and! stability! upon! cycling! after! carbon! coating.! The! obtained! specific!
capacity! for! the!coated!sample!was! found!to!be!up!to!the!50th!cycle!constantly!120!
mAh!gD1!higher!compared!to!the!uncoated!sponge.!
!




be!achieved.!A! further! increase! in!temperature! increased!homogeneity!of! the!pores.!
At!a!temperature!of!70!°C,!a!nanoporous!film!with!an!even!thickness!of!2.8!μm!and!a!
pore! diameter! of! 50!nm! could! be! synthesized.! Growth! of! the! porous! structure!was!
found!to!be!decidedly!different!from!the!anodization!of!aluminum!or!tin.!Investigation!
of! the! growth!mechanism! showed! the! reaction! to! be! an! alternation! between! pore!
formation! and! surface! dissolution! because! of! a! possible! oversaturation! of! iron!
fluoride!anions!at!the!pore!bottoms,!decreasing!the!effective!potential.!Cross!section!





future! for! a! second! anodization,! further! increasing! homogeneity! of! the! film.! Pore!
diameter!of!the!iron!oxide!film!seems!to!increase!in!steps!as!an!increase!of!10!V!lead!
to!a!homogeneous!thick!film!with!an!increased!pore!size!of!72!nm!while!an!increase!
of!5!V!decreased! the! film!quality!on! the!surface!due! to!promoted!dissolution!of! the!
film.! A! water! concentration! of! 3! wt%! was! found! to! be! necessary! to! allow! the!
successful! dissolution! of! the! surface! film.!At! lower! concentrations,! remnants! of! the!






be! used! to! successfully! improve! film! quality.! Furthermore,! the! discovery! of! the!








the! time! of! this! thesis.! Finally,! application! as! an! electrode! material! should! be!
investigated! for! the! lamellae,! as! the! high! surface! area! in! combination! with! an!
abundance! of! the! cyclingDstable!a,b! surface! should! lead! to! a! high! performance! and!


































































































Table! 7.1! Peak! fitting! result! of! XPS! measurement.! Corrected! area! and! atomic!









Sn4+! 3d5! 5839.49! 55.50%!
3d3! 4041.53! 38.41%!











Table! 7.2! Peak! fitting! result! of! XPS! measurement.! Corrected! area! and! atomic!









Sn4+! 3d5! 644.30! 6.19%!
3d3! 397.05! 3.81%!




























Figure!7.3!TwoDdimensional!XDray!diffraction!pattern!of! a!polished! tin! surface! (χ! scan,!





























































































































































































Lamellae! of! less! than! 10! μm! length! were! omitted,! thickness! was! measured! at! the!
lowest!point.!a)!After!4!hours,!the!mean!thickness!is!2.6!μm!with!a!standard!deviation!
(SD)!of!1.6!μm.!Amount!of! thickness!between!0.75! to!2.25!μm! is! less! than!60!%.!b)!
Splitting!of! lamellae!due! to!new! trenches!after!8!hours! leads! to!a!decrease! in!mean!
thickness!and!standard!deviation!to!1.5!and!0.8!μm!respectively.!Amount!of!thickness!
between! 0.75! and! 2.25! μm! increases! to! 86!%.! c)! As! the! transformation! to! lamellae!
continues,! bottom!parts! of! trenches! are!widened! and! lamellar! surface! smoothened.!











Figure!7.11!UVDVis! spectra!of!Rhodamine!B!before! (black)!and! after! (red)! irradiation!





















weight! is! determined! to! be! 70,! as! confirmed! by! the! ratio! of! the! integrals! of! the!






































Figure! 7.14! 1HDNMR! spectrum! of! poly(acrylonitrileDblockDdopamine! acrylamide)!
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C! O! Cu! Sn!
1! 0.00! 0.73! 95.31! 3.95!
2! 3.42! 27.73! 8.86! 59.99!
3! 3.05! 29.56! 3.44! 63.95!
4! 2.09! 31.45! 2.87! 63.59!
5! 0.98! 14.90! 2.81! 81.31!























































































































Figure!7.19!Histogram!of!measured!pore!diameter!of! anodized! iron! foil! after!30!min!at!
50!V!(a)!and!60!V!(b)!
!
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